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Abstract 

This thesis investigates the magnetization dynamics of cylindrical NiFe magnetic 

nanoparticles (MNPs), fabricated by template-assisted pulsed electrodeposition and differential 

chemical etching technique. Upon relaxation from a magnetically saturated state, a double 

vortex nucleation consisting of a clockwise and an anticlockwise vortex forms at the opposite 

ends of the MNP, which gradually extends and is connected via a third vortex core on its curved 

surface. Micromagnetic simulations revealed that the magnetization reversal occurs via the 

nucleation of the triple vortex state and abrupt splitting of the clockwise and anticlockwise 

vortices. 

The application of different magnetic field configurations to control the MNPs can 

manipulate the pathways leading to cell death, playing a pivotal role in cancer treatment. In an 

alternating magnetic field, the magnetic hysteresis of the MNPs results in heat dissipation that 

causes necrosis of cancer cells. High aspect ratios MNPs were observed to form the triple 

vortex state, which displayed high heating efficiency as measured by the specific absorption 

rate. 

For uniform magnetic fields, biaxial field configuration has been shown to be the most 

efficient magneto-actuated cell apoptosis method, which maximized the induced magnetic 

torque. Light transmissivity dynamics showed that MNPs under the biaxial field configuration 

have higher responsiveness over a wide range of frequencies as compared to uniaxial field 

configurations. The magneto-mechanical cell destruction efficacy was substantiated by a 

greater reduction in cell viability in in vitro experiments. High aspect ratios MNPs with the 

triple vortex state had increased low field susceptibility that translated to a larger magneto-

mechanical actuated force, leading to higher efficacy in cell death. 

For non-uniform magnetic fields, MNPs in a strong vertical magnetic field gradient were 

able to apply sufficient force on the cell to trigger the intracellular pathway for cell apoptosis, 

thus significantly reducing cell viability. In contrast, MNPs in an alternating magnetic field 

gradient can effectively rupture the cell membrane leading to higher lactate dehydrogenase 

leakage and lower cell viability, proving to be an effective induction of cell death via necrosis. 

The capability of the MNPs as both magnetic hyperthermia and magneto-actuation cell 

destruction agents is demonstrated by inducing different cell death signaling pathways, 

exemplifying the intricate interplay between apoptosis and necrosis. 
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Chapter 1 – Introduction 

In recent years, magnetic nanoparticles (MNPs) have increasingly gained traction in 

biomedical fields as contrast agents for magnetic resonance imaging, biosensors and controlled 

drug delivery.1-6 In addition, MNPs with engineered magnetic properties and high 

biocompatibility have been shown to be a promising candidate for cancer treatment. Magnetic 

hyperthermia is a well-established cancer treatment technique which employs the use of 

localized heating by the Néel relaxation of the MNPs under a high frequency alternating 

magnetic field, to induce cancer cell apoptosis and tumor regression.7-10 The magnetic 

hysteresis of the MNPs results in heating of tumor tissue to temperatures above 43 °C, thereby 

leading to cancer cell necrosis.11,12 In low frequency alternating magnetic fields, the heat 

generated is negligible, but the mechanical stress exerted on the cells is sufficient to achieve 

cell apoptosis.13-15 Magneto-mechanical actuation is achieved by the spatial rotation of the 

particles to align to the applied magnetic field by Brown relaxation, which produces a magnetic 

torque.16 In this thesis, the fabrication and capability of cylindrical NiFe MNPs, with multi-

vortex states, was evaluated for magnetic hyperthermia and magneto-mechanical actuation to 

induce different cancer cell death signaling pathways. 

1.1 Domains and Domain Walls 

The concepts of domain hypothesis and molecular field were first introduced by P. Weiss 

in 1906.17 A magnet is divided into small volume fractions such as domains, which are 

effectively magnetized to the value of spontaneous magnetization. Each domain is oriented 

along a different easy axis, and thus the net sample magnetization is zero. When applying a 

magnetic field, the domains grow at the expense of other domains, thereby resulting in a net 

magnetization in the system. However, there was no direct experimental observation of 

domains in a real material until 1949. J. Williams, R. M. Bozorth, and W. Shockley published 
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their work on domains in single SiFe crystals, which was done at the Bell Telephone 

Laboratories.18 

When a magnetic material is saturated along the easy axis, the exchange and anisotropy 

energies are kept at a minimum, while the magnetostatic energy becomes larger due to the 

demagnetizing field. If the magnetic material is divided into domains, this will result in a 

reduction of magnetostatic energy, while maintaining the anisotropy energy and exchange 

energy at a minimum energy state. Figure 1.1 (a) illustrates a uniaxial anisotropy of single 

crystal, which has uniform magnetization throughout the crystal and maximum 

demagnetization energy. As the crystal is divided into two or four anti-parallel spontaneous 

magnetization, this results in a great reduction in the demagnetization energy, as shown in 

Figure 1.1 (b-c). By forming a closed domain, the demagnetization energy can be further 

reduced. But the closure of the domains deviates from the easy axis direction, thus increases 

the anisotropy energy, as shown in Figure 1.1 (d-e). If the crystal is divided into n number of 

domains, the demagnetization energy reduces by ~1/n times, but the existence of a domain wall 

(DW) between two adjacent magnetic domains results in a rise in DW energy. DWs have finite 

width, within which the transition from one domain to another is realized by means of a gradual 

rotation of the spin directions. The energy of DW arises from the spin energy needed to 

overcome the exchange energy and magnetic anisotropy energy to rotate. There is no infinite 

formation of DWs, but DW energy and demagnetization energy are minimized. 

Figure 1.1 Illustrations of domains and domain walls  

(a) (b) (c) (e) (d) 

Single domain Multi-domains Closed domains 
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1.2 Domain Wall Motion 

Spin transfer torque (STT) has allowed the control of the magnetization of ferromagnetic 

materials and also used to move DWs in magnetic nanowires by spin current pulses. The current 

injected into the ferromagnetic nanowires becomes spin-polarized due to the spin-dependent 

diffusive scattering.19-22 As the spin-polarized current passes through the DW, there is a transfer 

of spin angular momentum to the DW, whereby a torque is applied to the DW moment owing 

to the conservation of angular momentum. This results in a displacement of the DW, which is 

known as current-induced DW motion. Furthermore, this interaction is highly localized as it 

only occurs in the region where the spin current flows. This phenomenon was theorized by L. 

Berger and J. C. Sloncwezski in 1996.23,24 Figure 1.2 illustrates the interaction of a spin 

polarized electron with the magnetization of a thin ferromagnetic material, which results in a 

change of the magnetization direction due to the STT effect. 

 

Figure 1.2 Illustration of STT effect in ferromagnetic materials. The interaction between the 

incoming spin-polarized electron and ferromagnetic material changes the direction of the 

electron spin. The difference in spin polarization induces a torque on the magnetization of 

ferromagnetic material owning to the STT effect. 
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1.3 Hysteresis Loop 

The magnetic properties of a material can be obtained from examining its characteristics 

shown in its hysteresis loop. A hysteresis loop displays the relationship of the induced magnetic 

flux density B at various field strength H, which is also known as the B‒H loop. Figure 1.3 

illustrates a typical hysteresis loop of ferromagnetic materials. 

The hysteresis loop of a material is obtained by measuring the magnetic flux generated, 

while sweeping a magnetic field. A ferromagnetic material in its initial state is not magnetized 

and will follow the dotted line with increasing magnetic field strength H. At high H, most of 

the magnetic domains are aligned with the direction of the field and any further H increase will 

have no significant increase in magnetic flux B. Hence, it is said to be magnetically saturated. 

At this point, known as the saturation magnetization Ms of the material, all the magnetic dipoles 

within the material are aligned in the direction of H. 

 As H is reduced to zero (H = 0), it is observed that the magnetic flux does not return to 

zero. This is known as the point of retentivity, which indicates the remanent magnetization Mr 

in the material. As H reverses, the magnetic flux reduces to zero (B = 0). This is known as the 

point of coercivity on the loop Hc, which indicates where the overall magnetization of the 

material is zero. It is the amount of magnetic field needed to remove the remanent 

magnetization in the material, also known as the coercivity of the material. As H increases 

further in negative direction, the material will also be saturated at high H. 

Next, decreasing H to zero will have the similar remanent magnetization equal to that 

obtained in the positive field direction. As H increases in the positive direction (H > 0), the 

magnetic flux again reduces to zero (B = 0). However, the loop does not return to the origin (B 

= 0, H = 0) because a certain amount of H is now required to remove the remanent 
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magnetization. Therefore, the loop follows a dissimilar path from saturation at high H, 

completing the hysteresis loop. 

 

Figure 1.3 Illustration of the hysteresis loop of ferromagnetic materials. 

1.4 Micromagnetic Model 

The magnetization dynamics of ferromagnetic materials with various geometries was 

investigated using numerical methods, such as the finite difference to solve the Landau–

Lifshitz–Gilbert–Slonczewski (LLGS) equation in three dimensions.25-27 These micromagnetic 

simulations provided insights to the magnetization configurations at the microscopic level, 

which prompted the correlation between analytical models and observations from experimental 

results. Landau‒Lifshitz equation, named for Lev Landau and Evgeny Lifshitz, describes the 

precession of magnetization M in an effective magnetic field Heff with damping α. The total 

energy of a system is described by: 

( ) ( ) 3
0Total Exchange Anisotropy Zeeman Dipolar effE E E E E d rµ= + + + = − ⋅∫ H r M r  

where 
0

1 eff M E
µ

=− ∇H . 
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The exchange energy is derived from the exchange interaction where individual magnetic 

moments try to align neighboring magnetic moments with themselves, given by: 

2 3 ExchangeE A d r= ∇∫ m  

where A is the exchange coupling constant.28 

The anisotropy energy is the energy due to the combination of crystal structure and spin-

orbit interaction, given by: 

2 3 Anisotropy zE Km d r= −∫  

where K is the anisotropy constant.28 In this approximation, uniaxial anisotropy, the easy axis 

is the z-direction. 

The Zeeman energy is the interaction energy between the magnetization M of the 

material with any external applied field, given by: 

( ) ( ) 3
0  ZeemanE d rµ= − ⋅∫M r H r  

where H(r) is the external applied field and µ0 is the vacuum permeability.28 The Zeeman 

energy is minimized when all the magnetic moments in the material aligns with the applied 

field. 

The dipolar energy or demagnetizing energy is the resultant energy from the interaction 

of magnetic moments with each other, given by: 

( ) ( ) 3
0  DipolarE d rµ= − ⋅∫ deH r M r  

where the demagnetizing field Hde(r) has components contributed from the divergence of 

magnetization within the volume and surface poles.29 

Landau–Lifshitz–Gilbert (LLG) equation: 
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( ) ( ) ( ) ( ) ( ) ( )( )eff eff
s

d
dt M

αγ= − × − × ×
M r

M r H r M r M r H r  

where ( ) ( )effγ ×M r H r  is the precession of ( )M r in a local field ( )effH r  and 

( ) ( ) ( )( )eff
sM

α
× ×M r M r H r  is the empirical damping term. 

Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation with STT term: 

( ) ( ) ( ) ( ) ( )( )( )
eff eff

s

d
dt M

αγ= − × − × ×
M r M r H r M r M r H r

( ) ( ) ( ) ( ) ( )
sM

β
− ⋅∇ + × ⋅∇u M r M r u M r  

where β is the non-adiabatic STT constant. The velocity u has amplitude of 
2

BJPg
eM

µ ,  Landè g-

factor g , Bohr magneton Bµ , electron charge e , polarization rate P and applied current 

density J. For Permalloy NiFe, the factor 
2

Bg
eM
µ amounts to 7 × 10-11 m3/C. Figure 1.4 illustrates 

the magnetization dynamics that describes the precessional motion of M about Heff, with a 

damping torque that tends to move M towards the direction of Heff. 

 

Figure 1.4 Illustration of the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation  
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1.5 Micromagnetic Simulators 

1.5.1 Object Orientated Micro Magnetic Framework (OOMMF) 

OOMMF is a portable and extensible public domain micromagnetic program by the 

Applied and Computational Mathematics Division of the Information Technology Laboratory 

at the National Institute of Standards and Technology US. The fully functional micromagnetic 

package also allows other software developers to expand its capability based on the OOMMF 

foundation. The main developers of OOMMF, M. Donahue and D. Porter (1999),30 use the 

LLG form: 

( ) ( ) ( )( ) ( ) ( ) ( )( )( ),
, , , , ,

γ α
γ= − × − × ×eff eff

s

d t
t t t t t

dt M
M r

M r H M r M r M r H M r  

where M is the magnetization of the material, Heff is the effective magnetic field and α is the 

Landau Lifshitz damping parameter.  

If one assumes ( )21γ α γ= + and α γ α= , the LLG equation is mathematically 

equivalent to the Gilbert form, 1955: 

αγ  = − × + × 
 

eff
s

d d
dt M dt
M MM H M  

OOMMF is available at http://math.nist.gov/oommf/. 

1.5.2 MuMax3 

 MuMax3 is an open-source, GPU-accelerated micromagnetic simulation program.31 It 

calculates the magnetization dynamics in ferromagnetic materials using a finite-difference 

discretization method, similar to OOMMF. The advantage of GPU acceleration is 1–2 orders 

of magnitude increase in speed, as compared to CPU-based micromagnetic simulations, i.e. 

OOMMF. MuMax3 is available at http://mumax.github.io.  
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1.5.3 Simulation Data 

1. Iteration: The number of iteration of the ordinary differential equation solver. 

2. Field Updates: The number of calculated effective field by the ordinary differential 

equation solver. 

3. Simulation Time: The elapsed simulation time. [s] 

4. Time Step: The elapsed simulation time of the most recent step taken by the ordinary 

differential equation solver. [s] 

5. Step Size: The normalized value of most recent step taken by the ordinary differential 

equation solver. 

6. Bx, By, Bz: The value of the x, y, and z direction of the nominal applied field. [T] 

7. B: The value of the nominal applied field (< 0). [T] 

8. |m × h|: The max value of |M x Heff|/Ms2 over all the spins. 

9. (Mx, My, Mz)/Ms: The value of the x, y, and z direction of the average magnetization of 

the magnetic material. 

10. Total Energy: The total average energy density for the magnetically active material. 

[J/m3] 

11. Exchange Energy: The average energy density due to the exchange interactions. [J/m3] 

12. Anisotropy Energy: The average energy density due to the crystalline and surface 

anisotropies. [J/m3] 

13. Dipolar Energy: The average energy density due to the self-demagnetizing fields. [J/m3] 

14. Zeeman Energy: The average energy density due to the interaction with the external 

applied field. [J/m3]  
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1.5.4 Discretization 

Micromagnetics simulators use the finite difference method which requires the 

discretization or segmentation of the investigated geometry over a grid of identical volume and 

cuboidal shape cells.32,33 The atomic magnetic moments inside each individual cubic cell 

behave as a single particle, and hence each cell is considered to be homogeneously magnetized. 

This assumption is acceptable as the exchange interaction is largely responsible for the 

homogeneous alignment of the magnetic moment at the atomic level. A finer discretization 

mesh can be obtained by increasing the number of cells, i.e. using a smaller simulation cell 

size, which is more suitable for geometry with curved surfaces.34 

Figure 1.5 illustrates the impact of increasing the number of cells in a cylindrical 

geometry nanowire; a unit cell size of (a) 25 × 25 × 5 nm, (b) 10 × 10 × 5 nm (c) 5 × 5 × 5 nm. 

If the simulation cell size is too large or the number of cells is too low, the simulation will be 

a poor representation of the shape in study. This can affect the influence of shape anisotropy 

on the magnetization, and hence greatly affect the micromagnetics. Figure 1.5 (a) shows the 

formation of multiple vortex domains due to the loss of shape anisotropy of the nanowire when 

the cell size is greater than the exchange length of the material.  

 

Figure 1.5 Side view of the discretization on cylindrical geometry nanowire with increasing 

number of cells  

(a) (b) (c) 
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1.5.5 Exchange Length 

Exchange length is the length at which the magnetization in the material does not vary 

significantly as the exchange energy is the most dominant factor compared to the other 

energies.35 Therefore, the number of cells in the micromagnetic simulations is determined by 

the exchange length of each individual material, such that no incorrect independent domains 

will be formed. The theoretical exchange length of a given material is calculated by: 

2
0

2λ
µ

=ex
s

A
M

 

where A is the exchange energy, µ0 is the magnetic constant and Ms is the saturation 

magnetization of the material.36,37 The exchange length λex gives the quantitative measure for 

the required grid resolution of the micromagnetic object in study. Table 1 shows a list of 

materials parameters for the common ferromagnetic materials used in the micromagnetic 

simulations. 

Material Exchange Energy,  
A [J/m] 

Magnetization, 
Ms [A/m] 

Anisotropy,  
K [J/m3] 

Exchange Length,  
λex [nm] 

Ni 9.0 × 10-12 4.9 × 105 -5.7 × 103 (cubic) 7.72 

Fe 2.1 × 10-13 1.70 × 106 4.8 × 104 (cubic) 3.40 

Co 3.0 × 10-13 1.40 × 106 5.2 × 105 (uniaxial) 4.94 

Ni50Fe50 5.85 × 10-12 1.11 × 106 0 2.76 

Ni80Fe20 1.30 × 10-13 8.6 × 105 0 5.29 

 
Table 1 Material parameters of some common ferromagnetic materials 36,37 
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1.6 Domain Wall Stability 

When a high current or magnetic field is applied, the profiles of DWs in planar 

nanowires will start to break down above the Walker limit.38,39 The unstable DW profile results 

in an oscillation of the instantaneous DW velocity and the abrupt drop in the average velocity, 

as shown in Figure 1.6. The reliable control of DW motion induced by magnetic field or current 

has been a major issue and technological challenge in magnetic nanowires. 

 

Figure 1.6 Illustration of Walker breakdown phenomenon. The DW velocity is presented 

against applied magnetic field H and applied current density J in a nanowire. 

A recent micromagnetic study on the current-induced DW dynamics in ferromagnetic 

cylindrical nanowires showed that the transverse DWs formed in cylindrical nanowires behave 

significantly different from DWs in planar nanowires.40-42 In cylindrical nanowires, it has been 

predicted that the DW velocity is linearly dependent on the current density and the absence of 

Walker breakdown is the result of geometrical symmetry of the nanowires.
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DW motion in a planar nanowire at zero applied fields is given by: 

( )2
2

Δ 21
u MN sinα β α γφ φ

αα
− = − +  

  

( ) ( )2

1 Δ1 2
21
MNq u sinγαβ φ

α
 = + + +  



 

where ϕ is the magnetization angle of the DW, q is the position of the DW, Gilbert damping α, 

non-adiabatic STT constant β, gyromagnetic ratio γ, anisotropy constant N, magnetization M, 

and ∆ is the DW width. 

In the low current density regime, below Walker breakdown, the DW is tilted at a fixed 

angle during its motion, and hence: 

0φ =  

22
Δ

β αφ
α γ
− =  

  Z

sin u
MN

 

β
α

 =  
 

q u  

The model shows that the speed of the DWs in the planar nanowire in the low current 

density regime, below the Walker breakdown limit, is linearly proportional to both the applied 

current density as well as the ratio between α and β. At high current densities, above the Walker 

breakdown limit, the DW changes its shape continuously via repetitious nucleation of anti-

vortices within itself. 
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In contrast, R. Wieser et al. mentioned that the cylindrical shape of transverse DWs in 

cylindrical nanowires leads to a shape invariance of the DW.43 In the absence of applied field 

(H = 0) and demagnetization field (N = 0), the magnetization dynamics of the DW becomes: 

( )
( )2 Δ1
β α

φ
α
−

=
+



u
 

( )
( )2

1
1

q u
α β
α

+
=

+
  

These results show that the DWs in cylindrical nanowire rotate with a constant angular 

velocity and travel at a constant speed that is linearly dependent on u. From the above 

equations, the comparison between the velocities of DWs in planar and cylindrical nanowires 

can be inferred. M. Yan et al. further elaborated on the dynamics of the DW in cylindrical 

nanowire: they attributed the absence of Walker breakdown to the fact that the DW retains its 

shape as it propagates along the nanowire.40 Hence, the DW profile remains stable and is 

allowed to rotate within the cylindrical nanowire.40,43 

In cylindrical nanowires, the type of DW formed is dependent on the diameters of the 

cylindrical nanowires and the exchange length of the material.44-47 In thin cylindrical 

nanowires, the magnetization is homogeneous throughout the nanowire radial cross section due 

to higher energetic cost of the exchange energy, which prevents the spins from curling around 

the nanowire long axis. The nanowire can be considered as a one-dimensional system. As the 

diameter of the nanowire increases, the nanowire gradually converts into a three-dimensional 

system and the spins are allowed to curl around the nanowire axis. Therefore, when the 

exchange length of the given material is larger than the nanowire diameter, a transverse DW is 

observed, whereas at a larger diameter, a vortex DW is observed, as shown in Figure 1.7 (a) 

and (b), respectively. 
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Figure 1.7 The magnetization configurations of cylindrical nanowires showing (a) transverse 

domain wall and (b) vortex domain wall.44 In this system, the equilibrium magnetization is 

aligned with its long axis due to shape and crystalline anisotropy, and a head-to-head DW is 

initialized and allowed to relax until a stable state is reached. 

The three-dimensional DWs in cylindrical magnetic nanowires have been imaged by 

several methods, such as X-ray magnetic circular dichroism photoemission electron 

microscopy, magnetic force microscopy and high resolution electron holography (Figure 

1.8).48-51 The magnetization reversal process in cylindrical nanowires with different diameters 

is unique and involves the nucleation, depinning, and propagation of DWs. Thus, 

understanding the magnetization configuration and dynamics of cylindrical nanowires is 

complicated due to the three-dimensional nature of their spin configurations. 

 

Figure 1.8 High resolution electron holography imaging of a DW structure in cylindrical 

nanowire.51 A magnetic field perpendicular to the nanowire axis was applied before imaging 

to nucleate transverse DW.  

(a) (b) 
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1.7 Three-dimensional Domain Wall 

In Figure 1.9, the helical DW is a three-dimensional transition region between 

magnetizations with clockwise and anticlockwise vortex orientations.52 The nanowire was 

initially saturated in the direction parallel to the nanowire long axis. At relaxation state, a three-

dimensional vortex magnetization with anticlockwise and clockwise orientations is formed at 

the opposite ends of the nanowire, as shown in the cross sectional view in Figure 1.9 (a) and 

(c), respectively.52 The two vortices gradually extend towards the center of the cylindrical 

nanowire and are eventually connected via the helical DW, as shown in Figure 1.9 (b). The 

helical DW is in a stable state for a 350-nm-diameter nanowire. 

 

Figure 1.9 The magnetization configurations of a cylindrical NiFe nanowire with a diameter 

of 350 nm. Cross sectional view of the three-dimensional magnetization configurations 

showing anticlockwise (a) and clockwise (c) vortex orientations at the ends of the nanowire, 

and the two vortices are connected via a gradual rotation of magnetization at the nanowire 

center, thus forming the helical DW (b).  
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From the discretized magnetization ( )jM r of the cylindrical nanowire, the 

demagnetization field ( )iH r  is expressed as 

    ( ) ( ) ( )= − −∑ 

j
i i j jH r N r r M r     

where N is the demagnetization tensor at each point in the nanowire.53 The stray field ( )iH r

created by the helical DW can then be calculated by applying the convolution theorem: 

    ( ) ( ) ( )1−  = − ⋅ 


iH r N M       

Figure 1.10 shows the calculated stray field profile along the long axis of the nanowire 

and at a distance of 10 nm from the nanowire surface. At the helical DW, the calculated peak 

stray field is approximately 1.8 × 105 A/m. 

 

Figure 1.10 The extracted perpendicular stray field component of the nanowire is plotted 

against the long axis of the nanowire, indicating a strong stray field in the perpendicular 

direction from the helical DW.  

-1000 -500 0 500 1000

0.3

0.6

0.9

1.2

1.5

1.8

 

Pe
rp

en
di

cu
la

r S
tra

y 
Fi

el
d 

(x
10

5  A
/m

)

Nanowire Long Axis (nm)



 23  
 

1.8 Domain Wall Motion 

A vortex is displaced by the application of a spin-polarized current predominantly 

through a gyrotropic force.54 For vortex DW in a nanowire, the DW position is fixed with the 

vortex displaced towards one edge. When a spin-polarized current is applied, the DW moves 

in the direction of the conduction electron flow due to the localized momentum transfer from 

the STT effect, while the vortex experience a gyrotropic force to determine the equilibrium 

lateral vortex displacement.  

Figure 1.11 shows the average DW velocity in a 350-nm-diameter cylindrical nanowire 

as a function of current density, which is determined by analyzing the time taken by the DW 

to travel from x = 0 nm to x = 800 nm. A minimum current density (Ji) for the DW to overcome 

its intrinsic pinning is found to be 5.0×1011 A/m2, whereby the DW remains static with a current 

density that is lower than Ji.52 The DW motion can be categorized into two distinct regions: 

low and high current density regimes. When a low current density is applied, i.e. 5.0 ~ 6.6×1011 

A/m2, a sharp slope of the DW velocity curve was observed, which is similar to the pre-

breakdown regime in Walker’s model.55 At high current densities, i.e. > 6.6×1011 A/m2, the 

DW velocity increases near linearly thereafter without any discernable limit.  
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Figure 1.11 The average DW velocity in a 350-nm-diameter cylindrical nanowire with respect 

to the applied current density. Inset shows the close up data of the DW velocity for the range 

of applied current density 4.3 ~ 7.1×1011A/m2. 

In Figure 1.12 (a) and (b), the cross sections of the helical DW in motion are presented 

at successive moments in time with low and high current densities. At low current densities, 

the helical DW is observed to rotate about the nanowire axis as it propagates in the nanowire.52 

At high current densities, this rotation is found to be non-existent while the DW profile remains 

stable. 
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Figure 1.12 Illustration of the current-induced DW motion. The cross sections indicate the 

orientation of the DW at successive moments in time. The yellow arrow illustrates the 

orientation of the DW (a) with a rotational motion at low current density (5.0×1011 A/m2 < J ≤ 

6.6×1011 A/m2) and (b) without a rotation at high current density (J > 6.6×1011 A/m2). 
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This behavior is further illustrated in the DW displacement as a function of time, which 

shows that the instantaneous velocity of the DW becomes more uniform as the current density 

is increased, as shown in Figure 1.13. The non-uniform DW velocity at low current density can 

be attributed to the loss in the energy due to its rotation, which deters the DW from Walker 

breakdown.43 At high current densities, the DW moves linearly with an increasing velocity due 

to the disappearance of the DW rotation. However, there is a sudden drop in the slope of the 

DW velocity curve, i.e. decrease in DW mobility owing to the suppressed Walker breakdown, 

as shown in the inset of Figure 1.11.55 The DW profile is also observed to be stable even up to 

5.0 × 1012 A/m2. 
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Figure 1.13 The DW displacement with respect to time, for J = 5.0×1011 A/m2, 6.6×1011 A/m2 

and 21.9×1011 A/m2 indicating the linear and non-linear motion of the DW. 
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1.9 Anisotropic Magnetoresistance 

The Stoner–Wohlfarth model was formulated for coherent magnetization rotation in 

small ellipsoidal shaped ferromagnetic particles with size smaller than the single domain 

limit.28 However, there was a mismatch between the analytical model and experimental results 

for high aspect ratio MNPs. Therefore, Aharoni et al. evaluated analytically the curling reversal 

mode in ferromagnetic prolate spheroids based on its cylindrical symmetry property.28 In 

addition, they derived the correlation between the coercivity and nucleation field of high aspect 

ratio ferromagnetic MNPs for coherent rotation and curling modes.  

This analytical model only predicted the reversal modes without any simplifications 

related to its functional form and magnetostatic fields. The first micromagnetic simulations 

corrected this model by clarifying that reversal in nanowires occurs neither by coherent 

magnetization rotation nor curling reversal mode, but by DWs nucleation at the ends of the 

nanowires, and subsequent depinning and propagation along its long axis. The types of DWs 

formed are dependent on the diameters of the cylindrical nanowires and the exchange length 

of the material.44 When the exchange length of the given material is larger than the nanowire 

diameter, a transverse DW is observed, whereas at a larger diameter, a vortex DW is observed. 

Hence, the understanding of DWs nucleation and propagation is essential to investigate 

the magnetization reversal processes of magnetic materials. Two-dimensional DWs in planar 

nanowires have been intensively studied, where the spin distribution and reversal modes are 

largely determined by shape anisotropy. Few studies have been done on nanowires with 

cylindrical geometry, which introduce complexities in the types of DWs nucleated and their 

propagation behavior under applied fields and current. 
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The magnetization reversal in a single cylindrical NiFe nanowire or MNP, which occurs 

via the nucleation of a third vortex core and abrupt splitting of the clockwise and anticlockwise 

vortices, is investigated by anisotropic magnetoresistance measurements (AMR). The 

micromagnetic simulations have shown that for nanowires and MNPs with l > 300 nm, the 

DWs dynamics and stability are consistent and representative. 

To fabricate the single nanowire device for electrical characterizations, the nanowires 

were drop casted on Si/SiO2 substrates, after which lithography was used to form the patterned 

contact pads. A clean interface was obtained by reverse-sputtering the substrate before the 

deposition of the adhesion layer (5 nm of Cr) and the metal film (350 nm of Au). The SEM 

image of the device along with the schematic of the AMR measurement is shown in Figure 

1.14. All measurements were performed with a low reading bias current density J = 1.03 × 109 

A/m2 to avoid joule heating or electron migration. 

 

Figure 1.14 SEM image of a 350-nm-diameter cylindrical nanowire and set of Au contacts, 

with schematics of AMR measurement setup. 
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The magnetoresistance ∆R of single cylindrical NiFe nanowire was measured at 300 K. 

The nanowire was first magnetized and saturated along the axis of interest with an external 

field of 3 kOe. The samples were then rotated with respect to the direction of applied magnetic 

field H to obtain the angular dependence of the magnetoresistance. Figure 1.15 shows the 

magnetoresistance curves at two different angles (θ = 0° and 45°) between the applied magnetic 

field H and the nanowire long axis. The magnetoresistance of the nanowire measured during 

the field up-sweep (from ‒265 Oe to +265 Oe) and down-sweep (from +265 Oe to ‒265 Oe) is 

shown by the black and red solid lines, respectively. The magnetoresistance exhibited jumps 

at low fields (~64 Oe) for both parallel (θ = 0°) and oblique (θ = 45°) applied magnetic fields. 

The measured magnetoresistance at θ = 45° was also found to decrease more slowly than that 

of the parallel magnetic field (θ = 0°) in a field range of between ‒110 Oe to +100 Oe. Whereas 

at θ = 90° the magnetoresistance and micromagnetic simulations did not show any sudden 

jumps up to H = 250 Oe, as shown in Figure 1.16 and Figure 1.17. 

 

Figure 1.15 AMR for a single cylindrical nanowire at θ = 0° magnetic field.The AMR shows 

the magnetization reversal in a single cylindrical NiFe nanowire, which occurs via the 

nucleation of the third vortex core and abrupt splitting of the clockwise and anticlockwise 

vortices.  
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Figure 1.16 Magnetization configurations of the nanowire at various perpendicular magnetic 

field strengths from -250 Oe to +250 Oe. The arrows illustrate the direction of magnetization 

and the colors red and blue represents the clockwise and anticlockwise vortices, respectively. 

 

Figure 1.17 AMR for a single cylindrical nanowire at θ = 90° magnetic field. 
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Figure 1.18 shows the extracted up-sweep magnetic field AMR from Figure 1.15 and its 

correlation to the micromagnetic simulations, will be further discussed in subsequent chapters. 

The measurements of ∆R in a series of experiments in which the nanowire is initially saturated 

(∆R = 0), as compared to the remanence state, is shown in Figure 1.19. 

 

Figure 1.18 Up-sweep magnetic field AMR at θ = 0° applied magnetic field. 
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Figure 1.19 The measurements of ∆R in a series of experiments in which the nanowire is 

initially saturated (∆R=0) and the third vortex is subsequently nucleated by an applied field.  
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1.10 Current-induced Domain Wall Driving 

The current-induced DW motion was examined by introducing a pulsed current generator 

into the AMR measurement setup, as shown in the inset of Figure 1.20.  Initially, the third 

vortex core was nucleated at the center of the nanowire by an up-sweep magnetic field along 

its long axis. Subsequently, 10-ns-long current pulses of different polarities was applied, while 

the resistance of the nanowire was measured under a bias current of J = 1.03 × 109 A/m2.  The 

rise and fall time of the current pulse were 300 ps. Figure 1.20 shows that the resistance of the 

nanowire drops drastically after the application of a pulse current. 

 

Figure 1.20 AMR showing DW motion by the injection of a pulsed current. Inset shows the 

SEM image of a cylindrical nanowire and set of Au contacts, with schematics of AMR 

measurement setup. 
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Figure 1.21 shows the magnetization configurations of the nanowire, as revealed by 

micromagnetic simulations, before and after the application of pulse current. The results show 

that the current-induced magnetization configuration of the nanowire, where the vortex core is 

driven to the end of the nanowire, differed from the field-induced dynamics that shows the 

abrupt splitting of the vortices. As the vortex core is pushed out by the injected current pulse, 

a single vortex magnetization configuration is formed throughout the nanowire. The 

magnetization state (II) as shown by the micromagnetic simulation is expected to have a lower 

magnetoresistance, as the magnetization configuration within the nanowire is more uniform, 

as compared to the initial state (I). 

 

Figure 1.21 Magnetization configurations of the cylindrical nanowire corresponding to the 

states before and after DW driving. The arrows illustrate the direction of magnetization and the 

colors red and blue represent the clockwise and anticlockwise vortices, respectively. 

Figure 1.22 shows the probability (P) at which a drop in resistance was observed against 

the applied current density for various pulse durations (2 ns, 5 ns, and 10 ns). P = 1 means that 

the vortex core is always driven to the end of the nanowire by the current pulse. To obtain the 

probability, each measurement was repeated 50 times. The results show that, at applied current 

densities J > 4.66 × 1012 A/m2, there was a gradual increase in probability from 0 to 1 for the 

5 ns and 10 ns pulse durations. The probability for the 2 ns pulse duration remained relatively 

low, even with increasing current densities. This minimum current density needed to overcome 
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the intrinsic pinning of the vortex domain is found to be Jth = 4.66 × 1012 A/m2. In Chapter 1.7, 

the calculated minimum current density (Ji) for the vortex domain to overcome its intrinsic 

pinning in a smooth cylindrical nanowire was found to be Ji = 5.0 × 1011 A/m2. The higher 

minimum current density (Jth > Ji) can be attributed to the lower mobility arising from the 

surface roughness, which contributes to the viscous damping of the DW motion.56,57 It is then 

possible to obtain the vortex domain velocity as a function of the applied current density by 

noting the lowest current at which P = 1. In the experimental results, the vortex domain velocity 

was found to be ~158 m/s for a 10 ns pulse at J10 ns = 5.17 × 1012 A/m2 and ~317 m/s for a 5 ns 

pulse at J5 ns = 5.33 × 1012 A/m2. 
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Figure 1.22 The driving probability of the DW as a function of current density for a range of 

pulsed durations (2 ns, 5 ns and 10 ns). 
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1.11 Domain Wall Pinning and Depinning Mechanism 

In micromagnetic simulations, the DW pinning strength of the diameter modulation is 

found to be largely dependent on the modulation depth.52 Hence, the pinning of DW in 

cylindrical nanowires was investigated by introducing diameter modulations along the 

nanowires. In diameter-modulated cylindrical nanowires, the point within the nanowire where 

the diameters differ, acts as a pinning site. Figure 1.23 shows the SEM image of the device 

along with the schematic for AMR measurement. The magnetoresistance jump due to the 

abrupt switching of the magnetization was observed to occur at a higher field of H ≈ +125 Oe 

as compared to an unmodulated nanowire. 

 

Figure 1.23 AMR for a diameter-modulated cylindrical nanowire at θ = 0° magnetic field and 

SEM image of a diameter-modulated cylindrical nanowire and set of Au contacts, with 

schematics of AMR measurement setup. 
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This magnetization configuration in the diameter-modulated cylindrical nanowires was 

also examined by micromagnetic simulations, as shown in Figure 1.24. Initially, the diameter-

modulated nanowire was saturated in the –x direction parallel to the nanowire long axis (I). 

The clockwise and anticlockwise vortices started to move towards the thicker region of the 

nanowire, which similarly led to a reduction in the parallel magnetization component and 

caused a drop in magnetoresistance (II). The vortex domain was then formed in the thicker 

region of the nanowire at H = 0 Oe (III). As the magnetic field direction was reversed, the 

vortex domain was annihilated. Next, the abrupt splitting of the two vortices was also observed, 

which led to an abrupt increase in the parallel magnetization component and also in the 

magnetoresistance (IV-V). As the nanowire began to saturate in the +x direction, the 

magnetoresistance of the nanowire returned to its initial value (VI). 

 

Figure 1.24 Magnetization configurations of the nanowire at various magnetic field strengths. 

The arrows illustrate the direction of magnetization and the colors red and blue represent the 

clockwise and anticlockwise vortices, respectively.  
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In addition, micromagnetic simulation results revealed that the switching field of the 

cylindrical nanowire increased when the difference in the diameter of the nanowire Δd was 

larger, as shown in Figure 1.25. The increase in the switching field showed that the pinning 

strength of the modulation increased with increasing Δd and this phenomenon was also 

observed in planar nanowires.58 

 

Figure 1.25 The plot of switching field against θ = 0° applied magnetic field obtained by 

micromagnetic simulations. 
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1.12 Néel and Brown Relaxation Mechanisms 

The applications for MNPs have been extensively researched in biomedical fields, such 

as magnetic hyperthermia,59-62 magneto-mechanical cell destruction,63-66 magnetic resonance 

imaging1-3 and drug delivery,4-6 to compensate for the drawbacks of current diagnosis and 

therapy methods. The greatest advantage of MNPs is that they can be remotely controlled by 

an external magnetic field. The resultant magnetic response can be in the form of heat 

dissipation or magnetic torque, which is dependent on the applied magnetic field configuration 

and magnetization dynamics of the MNPs.67 

However, different biomedical applications require specific rotation mechanism in 

diverse magnetic field configurations. Bio-sensors for cancer bio-markers use magnetic 

spectroscopy of the MNPs Brownian motion to quantitatively measure the bound fraction and 

relaxation times of the MNPs within seconds.68-70 In magnetic particle imaging for 

quantification of MNPs concentrations, it predominantly requires Néel relaxation of the MNPs, 

while Brownian relaxation, caused by MNPs size distributions, should be minimized.71 The 

two mechanisms that exist for the MNPs relaxation processes are Néel and Brownian 

relaxation, which results in either heat dissipation or spatial rotation of the MNPs. Néel 

relaxation is correlated to the re-orientation of the MNP magnetic moment to the magnetic 

field, while Brownian relaxation is correlated to the spatial rotation of the MNP, as shown in 

Figure 1.26.72-74 

 

Figure 1.26 Illustration of Néel and Brownian relaxation.  
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Néel (tN) relaxation time in the absence of magnetic fields is given by: 

0
B

KV
k T

Nt t e=  

Brownian (tB) relaxation time in the absence of magnetic fields is given by: 

3 H
B

B

Vt
k T
η

=  

where η is the viscosity coefficient, inverse attempt frequency t0, magnetic anisotropy constant 

K, volume of MNPs V, Boltzmann constant kB (1.38 × 10−23 JK−1), temperature T and 

hydrodynamic volume of the MNPs VH. In principle, the faster mechanism dominates, but both 

Néel and Brownian mechanisms can occur simultaneously, coupled through heat dissipation  

and magnetic torque.75 The Brownian relaxation causes the heating mechanism of MNPs to be 

sensitive to η, whereas Néel relaxation is not affected by η. When both Néel and Brownian 

mechanisms occur simultaneously, the effective relaxation time (teff) is given by: 

1 1 1

eff B Nt t t
= +  

In smaller MNPs, the dominant mechanism is Néel relaxation, while for larger MNPs it 

is Brownian relaxation. In Néel relaxation, the MNP magnetization changes direction as a result 

of the reconfiguration of its magnetic moment and is dependent on the MNP size and the 

temperature. While in Brownian relaxation, the MNPs undergo a spatial rotation and are 

dependent on external conditions, such as viscosity and chemical binding. The sensitivity of 

the Brownian relaxation is sufficient for temperature, viscosity and chemical binding 

measurements.76-78 It is important to understand the contributions of these magnetic relaxation 

mechanisms in order to tune and adapt the design of the MNPs to obtain the optimal heat 

generation for magnetic hyperthermia or magnetic torque for magneto-actuated cell death.  
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1.13 Magnetic Hyperthermia 

A well-established method for treating cancerous tumors is magnetic hyperthermia, 

which uses localized heat generated by the relaxation mechanism of the MNPs in a high 

frequency alternating magnetic field, thereby triggering cancer cell apoptosis and tumor 

regression.7-10 The magnetic hysteresis of the MNPs result in heat dissipation that induces a 

rise in temperature to a range of 41‒43 °C. Exposing tumor tissue to temperatures above 43 °C 

causes necrosis of cancer cells.11,12 

1.13.1 Hysteresis Losses 

In an alternating magnetic field, the heat dissipated by the MNPs in one magnetic field 

cycle equals the area of the hysteresis loop A, given by: 

max

max
0 ( )

H

H
A M H dHµ

+

−
= ∫  

where M(H) is the magnetization of MNPs, in an alternating magnetic field with frequency f 

and amplitude µ0Hmax.79-81 To maintain a low MNPs dose and short treatment duration in 

magnetic hyperthermia, the MNPs heating efficiency must be maximized. The measurement 

of MNPs heating performance is referred to as specific absorption rate (SAR), which is given 

by the heat dissipated per unit of mass of MNPs (Wg-1): 

SAR A f
ρ

=  

where ρ is the density of MNPs. 
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The density ρ of a Ni1-xFex alloy can be obtained as function of composition, which is 

given by: 

Fe

Ni
1 Ni

Fe Ni

Ni Fe

1 1
Ni Fe

1 1
x x

M x
M

M x
M

ρ ρ
ρ
ρ

−

 
− − 

 
 

− − 
 

=  

where ρNi and MNi is the density and atomic weight of Ni, and ρFe and MFe is the density and 

atomic weight of Fe.82 

1.13.2 Linear Response Theory 

Linear response theory (LRT) describes the dynamic response of an assembly of MNPs 

using the Néel and Brown relaxation time which assumes a linear response of the MNPs to the 

magnetic field.83-88 The alternating magnetic field is given by: 

max( ) cos ( )H t H tω=  

where ω is the angular frequency of the magnetic field. The Néel–Brown relaxation time is 

given by: 

eff
0

B

exp K Vt t
k T

 
=  

 
 

The hysteresis area for MNPs with random orientations is given by: 

2 2 2
0 max

2 2
B3 1

sH M V tA
k T t

π µ ω
ω

=
+

 

where µ0 is the permeability of the vacuum, kB is the Boltzmann constant, Ms is the saturation 

magnetization for the bulk  material, V is the volume of the MNPs, T is the absolute 

temperature, Keff is the effective uniaxial anisotropy constant, and t0 is the frequency factor of 

the Néel and Brown relaxation time (10−9–10−12s). LRT is valid for MNPs with strong 
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anisotropy under the application low magnetic fields, when 0 max

B

1sH M V
k T

µξ = < . The LRT is 

still valid at the transition region between superparamagnetic (ωt < 1) and ferromagnetism (ωt 

> 1), where the hysteresis loop area is at a maximum for small amplitude magnetic fields. 

1.13.3 Stoner–Wohlfarth Theory 

Stoner–Wohlfarth model based theories (SWMBTs) omit thermal activation, which is 

justified at temperature T = 0 or infinite magnetic field frequency f → ∞. The hysteresis area 

for MNPs with random orientations is given by: 

02 c sA H Mµ=  

where Hc is the coercive field. For finite frequencies f and temperatures T ≠ 0, the hysteresis 

area is given by: 

0( , ) 2 ( , )c sA T f H T f Mµ=  

The analytical formula for a temperature-dependent Hc based on an approximation of the 

measurement time tm, with anisotropy field µ0Hk = 2Keff /Ms, is given by:  

3
4

B
0 0
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µ µ
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SWMBTs are more suitable for modelling the heat dissipation for randomly orientated MNPs 

that are far from the superparamagnetic and ferromagnetic transition region.  
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As the size of MNPs increases, incoherent reversal modes causes a reduction in Hc, 

making LRT and SWMBTs invalid. The limit of validity of LRT is at ξ < 1, when M varies 

linearly with H and SAR ∝ H2. When ξ > 1, SWMBTs is valid for µ0Hmax > 2µ0Hc and Hc 

independent of MNP volume. Lastly, MNPs with large sizes allow the formation of magnetic 

vortex or multi-domains and DWs. In such cases, the magnetization reversal process occurs by 

DWs nucleation and propagation, as described by Rayleigh model and SAR ∝ H3 (Figure 

1.27).88,89 

 

Figure 1.27 Illustration of the analytical models to describe the heat dissipation of MNPs, as a 

function of their size and magnetic phase (superparamagnetic or ferromagnetic regime).88,89 

1.13.4 Eddy Current 

In an alternating magnetic field, there will be an induced voltage in the material placed 

within the field, which results in formation of circular currents, i.e. eddy currents. By Lenz's 

law, the eddy current produces a magnetic field to oppose the changing magnetic field, and 

hence reacting back to the original magnetic field source.  
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This loss of magnetic energy is dissipated as heat in the material and the eddy current 

loss is given by: 

2 2 2
eddy maxP H f r∝ ×  

where f is the frequency, r is radial distance and H is the magnetic field strength.90 The eddy 

currents loss is only significant in materials above the centimeter scale, and thus negligible for 

MNPs in magnetic hyperthermia.85,91 However, the high frequency magnetic fields can induce 

eddy currents that cause undesirable temperature rise in healthy cells or tissues. The critical 

value of Hmax × f = 4.85 × 108 Am-1s-1 was obtained for the thorax,90 Hmax × f = 5 × 108 Am-1s-

1 for prostate cancer92 and Hmax × f = 15–18 × 108 Am-1s-1 for glioblastoma.67,93,94 

1.13.5 Specific Absorption Rate 

The efficiency of heat dissipation of MNPs can be experimentally measured in terms of 

SAR, which is the energy dissipated per unit of mass of MNPs (Wg-1), and is given by: 

1SAR
MNP

TC
t m

∆
=

∆
 

where C is the specific heat of the medium (Cwater = 4.18 Jg-1℃-1), initial slope of the time 

against temperature graph ΔT/Δt and mass of the MNPs mMNP. However, SAR values in Wg-1 

is not fully representative of the heating efficiency of MNPs as heat dissipation is also 

influenced by frequency (f) and magnetic field strength (H).  Therefore, effective specific 

absorption rate or intrinsic loss power (ILP) is used to characterize the MNPs heating 

efficiency, given by: 

2
SAILP R
H f

=  
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1.14 Magneto-Mechanical Actuation 

The growing interest in MNPs is due to their use for fighting cancers in a targeted manner. 

Although a majority of cancers (> 85%) are localized initially, modern treatments often resort 

to chemotherapy, with the systemic injection of toxic drugs affecting healthy organs and 

tissues.62 Not only does this approach result in a poor therapeutic index (1–2%), but there are 

also severe secondary effects on the patients, which often includes adversely affecting vital 

functions. Such drawbacks greatly limit the efficacy of such treatments by constraining their 

frequency and the amount of administered drugs. Furthermore, the biggest drawbacks of 

magnetic hyperthermia are the invasiveness and low targeting accuracy of specific cancerous 

areas with homogenous heat generation and a high frequency and amplitude magnetic field.95,96 

As such, the concept of magneto-actuated cell death has been proposed, where micro-

discs under an alternating magnetic field of ~100 Hz can exert sufficient mechanical force to 

trigger programmed cell death or apoptosis.13-15 The magneto-mechanical cell destruction 

technique is a non-invasive and highly targeted treatment with high specificity and efficiency. 

It is accomplished by the spatial rotation of the MNPs to align to the magnetic field by 

Brownian relaxation, which subsequently produces a magnetic torque on the cancer cells 

(Figure 1.28).7,16 This mechanical stress exerted on the cells can cause mechanical disruption 

or compromise the integrity of the cell membrane, thereby inducing necrosis.97-99 It has also 

been established in in vitro cell destruction experiments that spin-vortex mediated stimulus by 

MNPs was sufficient for the initiation of programmed cell death.63,100,101 

 

Figure 1.28 Illustration of magneto-mechanical cell destruction in uniform magnetic fields  
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1.15 Cell Cycle 

Cell division occurs by an orderly sequence of events which involves the duplication of 

cell content, following which the cell then divides into two genetically identical daughter cells. 

All cells abide closely by this cycle to ensure accurate duplication of genetic information 

essential for the continued growth and reproduction of living things. 

The observation of individual cells is difficult in an intact mammalian body. Thus, the 

cell biology studies on mammalian cell cycle utilizes isolated cells from normal tissues or 

tumors and cultured in microtiter plates, i.e. flat plates with multiple wells that functions as 

small test tubes, supplemented with the essential nutrients needed for growth. However, normal 

mammalian cells that are grown outside their natural environment (under controlled 

conditions), cannot divide indefinitely as their lifespan is genetically determined and limited. 

Human fibroblasts cells have a Hayflick limit of ~25-40 divisions and normal human fetal cell 

population ~60-80 divisions due to replicative cell senescence or biological ageing.102 Some 

mammalian cells can undergo mutations such that they evade normal cellular senescence and 

proliferate indefinitely in vitro, becoming immortal cell lines. Immortal cell lines are widely 

and commonly used for cell biology studies as they serve as an indefinite supply of genetically 

homogeneous cells (Figure 1.29). 

 

Figure 1.29 Bright-field optical microscopy image of mammalian cells (HeLa cells) 

proliferation in culture medium. 
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1.16 Programmed Cell Death 

Mammalian cells are particularly valuable for studying the molecular control of cell 

proliferation in multicellular organisms. Research has not only focused on the understanding 

of the normal controls of cell numbers in healthy tissues, but also in the loss of these controls 

in cancer cells. The number of cells in a multicellular organism is highly regulated by the 

control of the rate of cell division and cell death. Cells, which are no longer needed, commit 

suicide by an intracellular death process, known as programmed cell death or apoptosis. 

Apoptosis is a form of programmed cell death defined by morphological characteristics 

changes such as membrane blebbing, reduction of cell volume and formation of apoptotic 

bodies.103-105 It is vital for normal development, homeostasis and functioning of the immune 

system, and anti-inflammatory reactions. Necrosis is a form of unprogrammed cell death 

arising from external perturbations with the release of intracellular contents after cell 

membrane damage, which results in inflammation.106-108 Multiple cell death pathways can be 

observed simultaneously in cell cultures or tissues exposed to different types of MNPs and 

magnetic field configurations. 

The highly conserved intracellular mechanism responsible for apoptosis is mediated by 

a family of protease enzymes, known as Caspases. The functions of Caspases in programmed 

cell death was first discovered and characterized in 1993.109 Each Caspase is equipped with a 

cysteine in its active site that nucleophilically attacks and cleaves downstream target proteins 

at specific aspartic acids leading to a signaling cascade that results in apoptosis.110-112 The 

activation of Caspases ensures that the components in every cell are dismantled in a controlled 

process, such that cell death is initiated with minimal effect on neighboring tissues and allowing 

apoptotic bodies to be recycled by other cells. 
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1.17 Cancer 

The cells of a multicellular organism operate as a single system committed to 

collaboration, reproducing by cellular duplication and division. To function as a single system, 

the cells send, receive, and interpret specific sets of signals that control the behavior of 

individual cells. Each cell acts appropriately – rest, divide, differentiate or undergo apoptosis 

– to sustain the multicellular organism. Cells are constantly subjected to stresses, such as 

deoxyribonucleic acid (DNA) damage that can cause mutations in the genome. As such, a 

robust system of regulation and surveillance is required to ensure that these damaged cells are 

not allowed to proliferate.113-116 Evidently, the most dangerous mutation is one that gives a cell 

the selective advantage to survive and proliferate in an uncontrolled manner. These mutations 

often implicate genes involved in the regulation of cell growth, division and death.117 

Gain-of-function mutations in proto-oncogenes that govern cell proliferation convert 

these genes into potent oncogenes capable of constitutively stimulating cell division.117  Tumor 

suppressor genes function to arrest cell cycle to allow time for DNA repair, or if needed induce 

apoptosis to prevent the further propagation of errors.118-121 Mutations that result in non-

functional tumor suppressor genes allow cell cycle to proceed unchecked, leading to the 

accumulated mutations. Subsequent cycles of mutation, competition, and natural selection 

occurring within the population of somatic cells enable these cells to acquire additional 

phenotypes, leading to the development of cancer.122-124 Cancer cells are characterized by two 

heritable properties; unrestricted cell division and the ability to invade healthy cells or tissues. 

When the cell proliferation is out of control, it will lead to the growth of a tumor. The tumor 

eventually gains metastatic properties as it breaks through the basement membrane, detaches 

and spreads to other parts of the body, as shown in Figure 1.30. 
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Figure 1.30 Illustration of a malignant (cancerous) tumor. 

The HeLa cell line is one of the oldest and most commonly used in cell biology research. 

The cell line originated from an individual named Henrietta Lacks, who had treatment for 

cervical cancer at Johns Hopkins Hospital in 1951.125 HeLa is an immortal cell line and a 

common model system for mammalian cell study due to its remarkably durable and prolific 

nature. This rapid and perpetual division of the HeLa cells makes them an ideal model for large 

scale in vitro cancer research treatment testing. 

1.18 Motivation 

In Singapore, about 37 people are diagnosed with cancer each day, according to 

Singapore Cancer Registry.126 The World Health Organization's International Agency for 

Research on Cancer approximates an annual of 9.6 million cancer-related death and 18.1 

million newly diagnosed cancer cases worldwide in 2018.127 The most prominent treatment 

methods are surgery, radiotherapy and chemotherapy. The surgical removal of the primary 

tumor is usually the preferred method, however, some deep-rooted tumors are inoperable and 

inaccessible or have ill-defined borders. Hence, radiotherapy and chemotherapy are employed 

with, or instead of, surgery. 

Cancer cells break away and 
spread to other parts of the body. 
These escaped cells can then grow 
and form other tumours, i.e. 
secondary cancers or metastases. 

Primary Cancer site Normal cells 
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The disadvantages of radiotherapy are possible damage to surrounding healthy tissues 

and the inability to target tumors that are hidden in the imaging scans as these are excluded in 

the 3D radiation planning models. In addition, the incapability to destroy all cancer cells in the 

tumor or to relieve mass effect in certain parts of the body, e.g. brain, renders radiotherapy 

even less effective. The biggest drawback of chemotherapy is the development of treatment-

related side effects, which include gastrointestinal, musculoskeletal or constitutional 

symptoms. Furthermore, the dosage of chemotherapeutic agents is limited by the threshold of 

the patient, and hence the treatment dose may be insufficient to effectively treat all malignant 

cells. For these reasons, it is crucial to develop improved or alternative techniques to overcome 

the drawbacks of current cancer treatment methods. 

Engineered nanoparticles for improved cancer therapy and diagnosis is an exciting and 

viable concept. Recently, experiments with rodent models have shown that nanoparticle-based 

therapy wiped out the original targeted breast cancer tumors and metastases in other parts of 

the body.128 However, the current nanoparticles research focuses on the design of the 

nanoparticles and demonstration of the effectiveness of in vitro cancer treatment. Therefore, 

there is a lack of the fundamental interactions of nanoparticles with biological systems from 

the animal model to the human level, resulting in poor clinical translation. Herein, the proposal 

to overcome this fundamental limitation is by combining the use of magneto-mechanical 

actuation and thermic responses of the cylindrical NiFe MNPs in an applied magnetic field on 

HeLa cells in vitro. 

MNPs’ magnetic properties are directly correlated to its size, structure and morphology, 

therefore the choice of fabrication is fundamentally crucial. The template-assisted 

electrodeposition and differential chemical etching technique allows for good control over the 

size and compositions of MNPs. The main advantage of this synthesis process is high 

scalability and ease of production for large quantities of MNPs. Furthermore, MNPs made of 
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soft magnetic materials, with closed spin-vortex magnetization and high saturation 

magnetization, do not require strong magnetic fields for their manipulations. 

1.19 Organization of Thesis 

The introduction chapter has given a brief overview of the magnetization dynamics and 

configurations of DWs in cylindrical magnetic nanostructures and its applications in cancer 

treatment. This included a conceptual overview of the Néel and Brown relaxation mechanisms 

involved in magnetic hyperthermia and magneto-mechanical actuation to induce cancer cell 

death. 

The second chapter describes the experimental techniques for the fabrication and 

characterization of magnetic nanostructures. The cell culture protocols and imaging for HeLa 

cell work in vitro are also elaborated. 

The third chapter describes the magnetization reversal process in cylindrical NiFe MNPs 

fabricated by the template-assisted pulsed electrodeposition with differential chemical etching, 

and optimized for various dimensions and compositions. The heating efficiency of the MNPs 

was obtained by time-dependent calorimetric measurements and compared to the theoretical 

models and the static hysteresis derived from micromagnetic simulations of NiFe MNPs and 

VSM measurements. 

The fourth chapter describes a highly efficient magneto-actuated cancer cell apoptosis 

method using a biaxial pulsed magnetic field configuration that maximizes the induced 

magnetic torque. Its effectiveness was evaluated by light transmissivity dynamics of MNPs and 

reduction in the HeLa cell viability. MNPs, with different aspect ratios, can form different 

number of vortex states which affect the magnetic susceptibility and torque experienced by the 

MNPs, hence impacting their efficacy in inducing programmed cancer cell death. 
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The fifth chapter describes a method to induce cell necrosis using an alternating magnetic 

field gradient configuration, which oscillates the MNPs with a force sufficient to mechanically 

rupture the cell membrane. The Acridine Orange and Ethidium Bromide fluorescence dual 

staining reveals an increase in necrotic cell population coupled with higher lactate 

dehydrogenase leakage and greater reduction in cell viability, indicating cell necrosis. 

The final chapter concludes this thesis and suggests possible future work. 
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Chapter 2 – Experimental Techniques 

2.1 Chapter Introduction 

Materials are the foundation of experimental magnetism and the potential applications 

depend on their magnetic and structural properties. Most magnetic materials studied in research 

laboratories are synthetically made, often by a complex fabrication process. Although there 

have been huge advances in the synthesis of magnetic nano-materials for biomedical 

applications, only few cases, such as magnetic resonance imaging contrast agents, have reached 

clinical practice. Hence, the efficiency and biocompatibility of magnetic nanoparticles (MNPs) 

remains to be investigated for other applications such as magnetic hyperthermia treatment, 

magneto-mechanical actuation, tissue regeneration or controlled drug delivery. In this chapter, 

the fabrication and characterization methods of the magnetic thin films and nanostructures are 

presented. By leveraging on these well-established fabrication methods, the template-assisted 

pulsed electrodeposition with differential chemical etching was developed and optimized for 

various dimensions and compositions of MNPs. In addition, the cell biology processes for in 

vitro applications of the MNPs are also presented. 

2.2 Pulsed Electrodeposition 

Electrodeposition involves the deposition of a metal or metallic alloy onto a conducting 

surface through electrolysis in a well-formulated electrolyte, which consists of an aqueous 

solution of a simple salt or complex salt.129,130 The electrodeposition circuit is made up of the 

anode (positive electrode), the cathode (negative electrode), a saturated calomel electrode 

(reference electrode), the electrolyte bath and a current source. During electrolysis, the 

reduction reaction occurs at the cathode, while the oxidation reaction takes place at the anode. 

The conducting substrate is attached to the cathode for the material X (Ni or Fe) to be deposited.  
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For an insoluble anode, the reactions are described by: 

2X 2 Xe+ −+ →  

Faraday’s law states that the amount of material deposited at the cathode is proportional to the 

amount of total coulombs passed through the electrochemical cell, given by: 

 = cQ I t∂∫  

w
c

MZ
n F

=  

wI t MW
n F
∂

= ∫  

where Qc is the total coulombs passed, Zc is the electrochemical equivalent of the material, I is 

the current applied over time t, Mw is the molar mass of the material, n is the number of electrons 

and F is the Faraday constant. Herein, demonstrates a magnetic cylindrical 

nanowires/nanostructures fabrication technique which incorporates pulsed electrodeposition 

nanowires growth and differential chemical etching to produce compositionally modulated or 

diameter-modulated cylindrical nanostructures. The VersaSTAT 3 electrodeposition system 

from Princeton Applied Research setup is shown in Figure 2.1. 

 

Figure 2.1 Princeton Applied Research VersaSTAT 3 electrodeposition system.  
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The electrolyte consists of 0.5M NiSO4, 0.01M FeSO4 and 0.5M H3BO3. Alternating 

pulses of high potential VH and low potential VL were applied to grow the compositionally 

modulated NixFe1−x nanowires, as shown in Figure 2.2. As the reduction potential of Ni2+ ions 

is higher than Fe2+ ions, the electrodeposition at VH will favour Ni deposition. Therefore, a Ni-

rich layer is formed within the anodized aluminum oxide (AAO) membrane when VH is applied, 

while a Fe-rich layer is formed when VL is applied. By alternating the potential between VH and 

VL, compositionally modulated nanowires will then be formed within the AAO membrane. This 

phenomenon can be attributed to anomalous co-deposition behaviour of NiFe alloys, which 

favours the deposition of less noble metal Fe. 

The side reaction of metal reduction involving the evolution of H2, gives rise to the effect 

of anomalous co-deposition.131-133 This side reaction process depletes protons and increases the 

concentration of OH− in the electrolyte. The surge in OH− leads to the formation and adsorption 

of metal mono-hydroxide ions or metal hydroxides X(OH)+ during the deposition process, 

which is described by: 

2 22H O 2 H 2OHe− −+ → +  

2 +X OH X (OH)+ −+ →  

+
adsX (OH) X (OH)+→  

adsX (OH) 2 X OHe+ − −+ → +  

where X refers to Ni and Fe atoms. 
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Figure 2.2 Graph of electrodeposition potential (V) vs elapsed time (s). 

The AAO templates are Whatman® Anodisc inorganic filter membrane obtained from 

Sigma-Aldrich and Nanoporous AAO from InRedox. The removal of AAO is typically carried 

out by the application of phosphoric acid.134-137 However, phosphoric acid will have secondary 

reactions with the nanowires, resulting in various oxidation products which will affect the 

magnetic properties and the size of the nanowires. Therefore, the AAO template was dissolved 

in NaOH to release the NiFe nanowires. 

The nanowires were then thoroughly rinsed with deionized water to be de-alkalized. 

Subsequently, the nanowires were partially etched with dilute HNO3 to form the cylindrical 

nanostructures or completely etched to form MNPs. The observed diameter modulations along 

the length of the nanostructures are due to the differential etching rate between different 

compositions of the NiFe nanostructures. The diameter of the modulations will decrease with 

further etching until only the desired modulation depth is obtained. The process flow of the 

pulsed electrodeposition and differential chemical etching is shown in Figure 2.3. 

The advantages of using a combination of template-assisted electrodeposition and 

differential chemical etching are; good control over magnetic cylindrical nanostructures 
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composition by adjusting the electrolyte composition and deposition potential, and the high 

aspect ratio that is not achievable by the conventional lithographic processes employed to grow 

cylindrical magnetic nanostructures with high yield. Common magnetic cylindrical nanowires 

made of Ni,138-140 Fe,141,142 NiFe,143,144 CoNi,145-147 CoFe148,149 and CoNiFe150-152 have been 

fabricated for optics or field emission applications. 

 

Figure 2.3 Schematic illustrations of the pulsed electrodeposition and differential chemical 

etching process flow. (a) Pulsed electrodeposition setup, (b) compositionally modulated 

nanowires formed within AAO template, (c) nanowires etched with dilute HNO3 and (d) 

partially etched nanowires forming diameter-modulated nanostructures.  
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2.3 Thermal Evaporation 

Physical vapor deposition (PVD) is the most common method of thin film deposition, 

where the film is formed by direct atom transfer from the source to the substrate in a gas 

phase.153,154 In evaporation, the source can be heated up to 400–1000 °C during the deposition 

process. The deposition chamber is evacuated to a high vacuum (10−7 Torr) or ultrahigh 

vacuum (<10−9 Torr) to allow atoms from the source to arrive at the substrate with minimal 

collisions with other gas atoms in the chamber, and hence films with high purity are 

produced.155 

 In e-beam evaporation, the desired material is loaded into a molybdenum or tungsten 

crucible, where it is heated to high temperatures by using a focused beam of electrons. This 

causes the source material to melt and evaporate. The hot source material travels to the substrate 

and condenses back to the solid state. The thermal evaporation Edwards Auto 306 e‒beam 

evaporation system was used to deposit a layer of aluminum onto the AAO template, before 

the pulsed electrodeposition process, to ensure good conductivity. 

 
Figure 2.4 Edwards Auto 306 e‒beam evaporation system. 
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Figure 2.5 Schematic illustration of e‒beam evaporation. 

AAO templates consist of high density arrays of uniform and parallel pores formed in a 

hexagonal-close-packed structure. Due to the highly-ordered pore structures, AAOs have been 

utilized extensively as templates in nanotechnology fabrication. The AAO template is prepared 

by the anodization of aluminum in the electrolytes under appropriate electrochemical 

conditions. The pore size of the AAO template can be controlled with great precision. 

Template-assisted electrodeposition allows fabrication of high aspect ratio nanostructures in a 

variety of metals.156 The diameter d of the cylindrical nanostructure is determined by the pore 

size of the AAO templates (150–350 nm). The length l is dependent on the total deposition 

duration and limited by the AAO template thickness.  

 

Figure 2.6 SEM image of AAO templates from (a) the top view and (b) the side view.  
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2.4 Magnetron Sputtering 

Magnetron sputtering is another PVD method that utilizes magnetically-confined plasma 

initiated near the surface of the target material.157 The surface of the target material is 

bombarded by positively-charged ions from the plasma, and atoms of the target material are 

sputtered out and deposited onto the substrate to form thin films. The deposition chamber is 

evacuated to high vacuum (10−5 to 10−7 Torr) and an inert gas (typically Ar or Xe) is flowed 

into chamber. The use of a magnetic field behind the cathode to trap the electrons results in an 

increase in deposition rates and higher density plasma generation at lower pressures. Hence, 

this also reduces the background gas interference in the thin film growth and energy losses in 

the sputtered atoms through gas collisions. This PVD method is commonly chosen for 

deposition of metallic or insulating films with highly specific electrical or optical requirements. 

 

Figure 2.7 AJA 8-target UHV magnetron sputtering deposition system. 
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Figure 2.8 Schematic illustration of magnetron sputtering deposition. 

Sputter yield S is the rate at which surface atoms are removed by ion bombardment, and 

given by the mean number of atoms removed from the target surface per incident ion: 

5no. of atoms removed 10
no. of incident ions

WS
AIt

= =  

where W is the weight loss of the target, A is the atomic number of the target material, t is the 

sputtering time and I is the ion current.158 The yield is influenced by the energy of incident 

ions, material of the target, angle of incident ions and crystal structure of the target. Figure 2.9 

illustrates the variation in sputtering yield S with incident ion energy. A threshold energy exists 

in the low energy region, while S reaches a maximum in the high energy region.159-161 

 

Figure 2.9 Schematic illustration of magnetron sputtering deposition. 
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2.5 Photolithography 

Photolithography is an optical method for pattern transfer onto a substrate by using 

sophisticated optics to expose a desired pattern onto a substrate coated with photosensitive 

chemicals.162 Photoresists are light-sensitive compounds and categorized into two types: 

positive and negative resists. For positive photoresist, the exposed areas on the resist are 

removed after developing, which gives smaller features, superior resolution, but has higher cost 

and poor adhesion. For negative photoresist, the unexposed areas are removed after developing, 

which gives better adhesion, but are unable to produce sub-micron features. The photoresist 

consisting of a diazonaphthoquinone (DQ) and a novolac resin (N). The weakly bonded N2 in 

the DQ undergoes a photolytic decomposition when exposed to light into an unstable 

ketocarbene and N, where the addition of UV will free the N2 and create a highly reactive C 

site. Wolff re-arrangement occurs; ketocarbene rearranges to a more stable ketene, which is 

very hygroscopic. When H2O is added, the C double bond is replaced with a C single bond and 

an OH group, producing carboxylic acid (COOH) which is soluble in the developer. 

Substrate preparation – Silicon wafers with an oxidized layer of SiO2 were chosen for 

electrical isolation. After which, the substrates were immersed in acetone for 30 mins and then 

in isopropyl alcohol for 30 mins, while being sonicated. Visual inspection of the substrate 

surface was done to ensure that the contamination on the surface was kept to a minimum and 

the entire cleaning procedure was repeated if necessary. Next, the template-assisted 

electrodeposited cylindrical NiFe nanostructures were drop casted onto the substrate, and ready 

for photolithography of contact pads. 

Spin coating photoresist – The substrate was placed onto the vacuum chuck of the spin 

coated. The AZ5214E photoresist (AZ Electronic Materials USA Corp.) was pipetted onto the 

substrate to cover entire substrate surface. The optimized spin coating recipe were spin rate 

2000 rpm and spin duration 45 s. 
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Soft bake of photoresist – The resist coated substrate is transferred onto the hot plate for 

120 s at 110 ᵒC. The time duration of soft baking is very crucial as the most of the solvents are 

removed and the photoresist becomes photosensitive or image-able only after soft baking. 

            

Figure 2.10 Ultrasonic cleaner and SCS spin coater. 

UV exposure – The substrate is placed on the Suss MicroTec MJB4 mask aligner to be 

exposed for 15 s at 6 mWcm-2, using the Align & expose, soft contact mode. In the soft contact 

mode, the photomask and substrate are brought in contact. The structural resolution is better 

than in proximity exposure mode. The vacuum securing the substrate onto the chuck is 

maintained during exposure and the only force to press the substrate against the photomask is 

applied during the vertical movement of the stage. 

 

Figure 2.11 Suss MicroTec MJB4 mask aligner. 
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Developing and inspection – The exposed substrate was immersed in the developer 

AZ400K (AZ Electronic Materials USA Corp.) diluted 1:4 in deionized water for 10 s, then 

rinsed thoroughly with deionized water for 30 s to stop the developing process. The duration 

of developing is also critical as under- or over-developed patterns may occur, and hence the 

immersion duration was adjusted accordingly. The photolithography process was carried out 

in a cleanroom to reduce the risk of contamination. 

Thin film deposition – A clean interface was obtained by reverse-sputtering the 

substrate before the deposition of the adhesion layer of 5 nm Cr and the contact material of 350 

nm Au in the AJA 8-target UHV magnetron sputtering deposition system. Au is the most 

suitable material for contact pads due to its low resistance and anti-corrosive properties. 

Lift off process – The substrate is immersed into a lift-off solvent and agitated gently. 

Inspection on the optical microscope is needed to ensure lift off is completed and repeated if 

necessary. The photolithography and deposition of the electrical contacts process is illustrated 

in Figure 2.12.  

 

Figure 2.12 Illustration of the electrical contacts fabrication process flow. 
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2.6 Magnetoresistance Measurement  

Although magnetic imaging techniques have been widely used to determine the DW 

position and orientations, it is an inconvenient and impractical method of DW detection.163-165 

Therefore, the alternative is measuring DW resistance or magnetoresistance, which has been 

proven to be an effective way in differentiating the spin configurations in magnetic 

nanostructures.166-169 Conventionally, the electrical contacts of the cylindrical nanowires, kept 

inside the AAO template, are made by sputtering an Au contact layer after the electrodeposition 

to make parallel contacts with multiple nanowires.170-172 Hence, the magnetoresistance 

measurement results are based on multiple cylindrical nanowires. Herein, demonstrates a 

method to measure a single cylindrical nanostructure by releasing the nanowires or 

nanostructures from the AAO template, which are drop casted on a Si/SiO2 substrate, followed 

by photolithographic patterning and deposition of Au contact pads onto the nanostructures.173 

The probe station utilized an optical microscope and micro-manipulators to precisely 

position the thin needle-like probes onto the contact pads of the device. It was fitted with six 

long tungsten probe with 5 µm tip with a 45° bend near probing end; a pair for voltage and 

resistance measurement, a pair for measuring current and a pair for pulsed driving current. The 

external magnetic field was applied by an electromagnetic coil located underneath the probe 

station with metal arms extensions. A gauss meter measured the magnetic field strength and 

exported the data to the workstation. The probe station is constructed on a vibration isolation 

table that floats on a cushion of compressed gas ensuring a vibration-free electrical 

measurement. 

The magnetic field up-sweep and down-sweep was applied to the single cylindrical NiFe 

nanowires, while the magnetoresistance of the nanowire is measured by a Keithley 2400 

sourcemeter. The samples were then rotated with respect to the direction of applied magnetic 

field H to obtain the angular dependence of the magnetoresistance. For current-induced DW 
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motion, Picosecond Pulse Labs 10,300B current generator was used to inject pulsed current 

into the magnetoresistance measurement setup. 

 

Figure 2.13 Probe station setup for angular magnetoresistance measurement and SEM image 

of a 350-nm-diameter cylindrical nanowire and set of Au contacts, with schematics of AMR 

measurement setup. 
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2.7 Scanning Electron Microscopy 

The scanning electron microscope (SEM) operates a high energy electron beam in a raster 

pattern, with wavelength shorter than light, enabling the observation of structures at ~1 nm 

resolutions. JEOL JSM-6700F utilizes a field emission gun as the electron source, in 

combination with electromagnetic lenses lens to focus (objective lens) and control the size 

(condenser lens) of the electron beam, to achieve high resolution observation and analysis of 

surface topography. The SEM-imaged region emits a variety of signals upon interaction with 

the electron beam, i.e. secondary electrons, backscattered electrons and characteristic X-rays. 

The subtle variation in the surface roughness of the sample affects the angle of incident 

electrons, which causes a change in intensity of the secondary electron detection, and is used 

to generate the SEM image. 

 

Figure 2.14 JEOL JSM-6700F field emission scanning electron microscope. 
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Figure 2.15 (a) shows the SEM image of the cylindrical NiFe nanowires fabricated by 

pulsed electrodeposition. Figure 2.15 (b-d) shows the SEM images of the cylindrical NiFe 

nanostructures after partial etching by HNO3. 

 

Figure 2.15 SEM image of (a) unmodulated and (b-d) modulated cylindrical NiFe 

nanostructures.  
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2.8 Energy Dispersive X-ray Spectroscopy 

JEOL JSM-6700F is also equipped with a lithium-drifted silicon, solid-state device and 

a multi-channel spectrum analyzer for elemental analysis, in conjunction with SEM. The 

energy dispersive X-ray spectrometer (EDX) allows the accurate and non-destructive elemental 

analysis of the sample by the detection of X-rays. When the inner shell electron is excited by 

the incident electron beam, it is removed and creates a vacancy, which is filled by an outer shell 

electron. This difference in energy between the inner and outer electrons releases X-rays, which 

is measured by the EDX spectrometer. The X-ray energies are characteristic of the element 

from which it was emitted. The spectrum of the energies of X-rays versus counts is evaluated 

to obtain the elemental composition of the sample. Capital Roman letter (K, L or M) indicates 

the shell containing the inner vacancy and Greek letter (α, β) specifies the group which the X-

ray line belongs. 

 

Figure 2.16 JEOL energy dispersive X-ray spectrometer. 
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2.9 Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM) is an instrument for measuring the properties 

of a magnetic material invented by S. Foner at Lincoln Laboratory MIT in 1955.174 By 

Faraday’s law of induction, the magnitude of magnetic moment of the material, and is given 

by: 

∂
∇× =

∂t
BE  

Faraday's law states that a changing magnetic field within a loop will give rise to an 

induced current, which is due to a force or voltage within that circuit. The electromotive force 

generated in the pick-up coils is relative to the magnetization of the material. It is also 

dependent on the alignment of the magnetic moment relative to the coils. 

The voltage is an integral of electric field E along the coil and depends on the rate of 

change of induction B,174,175 which is given by: 

∂
= =

∂∫ ∫∫

U dl dS
t
BE  

The pick-up coils are usually static, while the sample holder vibrates in the changing 

magnetic field. To reduce interference of external sources of magnetic fields, a pair of pick-up 

coils is implemented such that external field contributions that are added to one coil can be 

subtracted from the other coil. The VSM uses the electromagnetic induction and lock-in 

principle of measurement. The lock-in principle of measurement allows the accurate 

measurement of signals in the presence of noise.174,175 Using the trigonometric identity: 

( ) ( ) ( ) ( )1 1cos cos cos cos
2 2

θ φφ θ φ θ= − + +  

Assuming that the sample vibrates with frequency ω giving the signal of that frequency and 

amplitude A in pick-up coils due to magnetic induction. That signal is multiplied with the signal 
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frequency ω1 from the generator that is vibrating the sample, hence a phase difference of φ. 

Using the trigonometric identity: 

( ) ( ) ( ) ( )1 1 1
1 1
2 2

A cos t B cos t AB cos t t AB cos t tω ω ϕ ω ω ϕ ω ω ϕ+ = − − + + +  

Using the same generator, so ω = ω1: 

( ) ( ) ( ) ( )1 1
1 1 1 1 2
2 2 2 2

AB cos t t AB cos t t AB cos AB cos tω ω ϕ ω ω ϕ ϕ ω ϕ− − + + + = + +  

The fast varying component ( )1 2
2

AB cos tω ϕ+  can be filtered out using a low pass-filter, 

which only remains the constant voltage ( )1
2

AB cos ϕ  that is proportional to the sample signal 

and is at maximum if the phase difference is π. The signal from the pick-up coils have 

interference from external sources of magnetic fields and are given by: 

( )coil i i i
i

S A cos tω ϕ= +∑  

Multiply by the reference signal from the generator: 

( ) ( ) ( )1 1
2 2coil r i i r i i i r i

i

S B cos t A B cos t t A B cos t tω ϕ ω ω ϕ ω ω ϕ + = − − + + + 
 

∑  

The signals with a reference frequency ( )i rt tω ω−  contribute to the constant voltage received 

from the mixer. Hence, by resolving the contributions from the external sources of magnetic 

fields, the signal from the sample can be obtained. The configurations of coils usually employ 

a symmetric even number of coils and dependent on the experiment, signal-to-noise ratio, 

convenience, and magnetic field symmetry considerations. The conventional configurations 

for which the axis of vibration is perpendicular to the magnetic field, is defined as the transverse 

geometry, as shown in Figure 2.17. 
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Figure 2.17 LakeShore 8600 Series vibrating sample magnetometer with schematics of the 

pick-up coils configuration and axis of vibration perpendicular to the magnetic field. 

2.10 Micromagnetic Simulation Parameters 

The magnetization dynamics of the magnetic nanowires or nanostructures in the various 

magnetic fields configurations were studied by means of micromagnetic simulation programs, 

OOMMF and MuMax3.30,31 The material parameters used for Ni80Fe20; saturation 

magnetization (Ms) of 860×103 A/m, exchange stiffness constant (Aex) of 1.3×10−11 J/m, 

magneto-crystalline anisotropy (k) of 0, Gilbert damping constant (α) of 0.005 and non-

adiabatic constant (β) between 0.04−0.15.52,176-180 A cell size of 5 nm × 5 nm × 5 nm was used 

for all simulations, which is sufficiently small as compared to the exchange length. 
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2.11 Cell Culture 

HeLa cells were grown in T-75 flask as a monolayer in Dulbecco’s Modified Eagle’s 

medium supplemented with 4.5 g/L glucose, 2 mM L-glutamine, 10% fetal bovine serum and 

1% penicillin/streptomycin.181,182 The cell lines were incubated in a humidified atmosphere at 

37 °C, 5% CO2. The cell cultures were passaged at ~80% confluence using Trypsin-EDTA to 

detach the cells from the T-75 flask, and then pelleted by centrifugation at 2000 rpm for 5 min. 

Next, the supernatant was extracted and the cells pellets were re-suspended in cell culture 

medium. Countess automated cell counter and Trypan Blue (TB) was used to count the HeLa 

cells in suspension and the cells were seeded at 1×104 cells/well in a 96-well microtiter plate. 

All reagents were purchased from Thermo Scientific™. All experiments were done in 

quadruplicates. The results were represented as the mean ± standard deviation (SD). Statistical 

significance was analyzed using one-way analysis of variance (ANOVA) with OriginPro, 

OriginLab. A p value of < 0.05 was considered to be statistically significant. 

 

Figure 2.18 HERMLE Labortechnik Z326K centrifuge 
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Figure 2.19 Invitrogen Countess™ Automated Cell Counter measures the total count, live 

count, dead count, and mean diameter of cells. 

A typical animal cell is very small (10-20 µm in diameter), colorless and translucent as 

the cell is made up of 70% water by weight.183 Therefore, the cell in its natural state is almost 

invisible under an optical microscope, as shown in Figure 2.20. This led to the discovery and 

development of cell dye and stains to provide sufficient contrast to help identify the location 

of specific proteins and targets of interest within the cell. The cells were stained with 0.4% TB 

to assess cell viability using the dye exclusion test, before seeding into microtiter plates. TB is 

a vital stain that selectively dye non-viable or dead cells with an intense blue. 

 

Figure 2.20 Optical microscopy image of HeLa cells with no dye or stains.  
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2.12 Fluorescence Microscopy  

Fluorescence is the absorption and subsequent re-emission of light by organic and 

inorganic objects. The re-emission process occurs almost simultaneously with the excitation 

process due to the very short delay of < 10−8 s between the absorption and emission of photons. 

The concept of fluorescence was first described by G. Stokes in 1852, where he observed the 

emission of red light from the mineral fluorspar by ultraviolet excitation.184 He also found that 

the emitted fluorescence is at a longer wavelength as compared to the excitation light. In 1930s, 

fluorescent dyes were introduced as a stain for tissue components, bacteria, and other pathogens 

to aid in biological investigations. Fluorescent dyes are detection reagents made from non-

protein molecules that only absorb specific wavelengths of light and re-emit desired 

wavelengths of light. The use of multiple fluorescent dyes allows the simultaneous 

identification of individual components in a cell with a high degree of specificity. Hence, 

fluorescence microscopy has become an indispensable tool for cell biology. 

The fluorescence microscope works by illumination of the sample with a specific 

wavelength of light, and the subsequent separation of the re-emitted light or fluorescence from 

the strong excitation light. The emitted light enters the detector or the digital camera system 

revealing the resultant fluorescent structures, superimposed with a high contrast dark 

background. The quality of the image is highly dependent on the background darkness as the 

excitation light is many orders of magnitude greater than the emission light. 
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Figure 2.21 Nikon Eclipse Ti-S inverted microscope. 

Figure 2.21 shows the illustration of the working principle of fluorescence microscopy. 

The light source is usually a xenon or mercury burner located at the back of the microscope. 

The excitation light travels into the excitation filter of the microscope, where only the desired 

wavelength of light passes through, filtering all other unwanted wavelengths of light. At the 

dichromatic beam-splitting mirror, light with shorter wavelengths is efficiently reflected, while 

light with longer wavelengths passes through. The dichromatic mirror is fixed at 45° with 

respect to the incoming excitation light and reflects the light at 90° directly through the 

objective lens to illuminate the sample. The fluorescence emission light from the sample is 

focused by the image forming function of the objective lens. Since the re-emitted light has 

longer wavelengths than the excitation light, it passes through the dichromatic mirror and 

towards the detector or the digital camera system. 

Cell death is typically classified into two broad categories: apoptosis and necrosis. As 

a rule, classification of cell death in a given model should always include morphological 

examination coupled with at least one of the other assays.185 Fluorescence microscopy with 
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differential uptake of fluorescent DNA binding dyes (Acridine Orange and Ethidium Bromide 

(AO/EB) dual staining, Caspase-3/7 activation and lactate dehydrogenase leakage) are methods 

of choice for their simplicity, rapidity, and accuracy.  

AO permeates both live and dead cells staining the nucleus green, while EB only stains 

the nucleus of cells with compromised membrane integrity red.186-189 CellEvent™ Caspase-3/7 

Green Detection Reagent enables fluorescent detection of caspase 3/7 activation. The reagent 

contains a four amino acid peptide (DEVD) conjugated to a nucleic acid binding dye that 

inhibits the ability of the dye to bind to DNA. After the activation of caspase 3/7 in apoptotic 

cells, the dye is cleaved and binds to DNA, producing a green fluorescent emission.190-193 

Lactate dehydrogenase (LDH) is an enzyme present in the cytosolic compartment of cells.194-

196 Membrane damage that causes cytosolic leakage will result in the release of LDH into the 

surrounding cell culture medium. LDH catalyses the reduction of nicotinamide adenine 

dinucleotide (NADH) through the oxidation of lactate to pyruvate. A red coloured formazan 

salt is formed from the reduction of tetrazolium salts by NADH. The amount of formazan 

formation can be quantified spectrophotometrically.  
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2.13 Magnetic Hyperthermia Setup   

SAR was experimentally obtained from time-dependent calorimetric measurements by 

placing the NiFe MNPs in an alternating magnetic field generated by the hyperthermia 

equipment, SPG-10AB-Ⅱ high frequency induction heater, as schematically illustrated in 

Figure 2.22. MNPs in aqueous suspension with concentrations of 0.05–0.1 mg/ml were poured 

into a falcon tube. An optical fiber temperature probe was immersed into the falcon tube, which 

was insulated by Styrofoam and surrounded by the induction coils. The temperature of the coils 

were maintained at 28.0 ± 0.5 °C by a water recirculating chiller. The initial temperature of the 

suspension was maintained at 28.0 ± 0.5 °C for 1 min to eliminate any heat contributions from 

the induction coils. A fixed frequency of 360 kHz and alternating magnetic field range of 15.9 

to 47.8 kAm-1 was applied, within the criterion for clinical magnetic hyperthermia. 

 

Figure 2.22 Magnetic hyperthermia system, SPG-10AB-Ⅱ high frequency induction heater. 

 

  

Induction Coils 

AC 
360 kHz 

Fiber 
Probe  



 79  
 

Chapter 3 – Functionalization of Magnetic Nanoparticles for 

Magnetic Hyperthermia 

3.1 Chapter Introduction 

Template-assisted pulsed electrodeposition with differential chemical etching is a simple 

and inexpensive fabrication method to produce MNPs of various composition, Ni, Fe or Co. 

Ni80Fe20, Permalloy, is a ferromagnetic material that displays exceptional magnetic properties 

such as high permeability, low coercivity, near zero magnetostriction and distinct anisotropic 

magnetoresistance. In cylindrical NiFe MNPs, a triple vortex state is formed, in which 

clockwise and anticlockwise vortices are connected at the center of the nanowire via a third 

vortex core, resulting in a three-dimensional magnetization configuration.  

In this chapter, the precise control of the MNPs composition and length is demonstrated 

by tuning the electrodeposition potential and pulse duration, while the diameter is defined by 

the template pore size. The magnetization reversal mechanism, which occurs via the nucleation 

of a third vortex core and abrupt splitting of the clockwise and anticlockwise vortices, was 

investigated by anisotropic magnetoresistance measurements and micromagnetic simulations. 

In addition, the theoretical heat dissipation from the MNPs for magnetic hyperthermia 

applications was calculated from the simulations of hysteresis loops and vibrating sample 

magnetometer measurements. Using time-dependent calorimetric measurements, the specific 

absorption rate and intrinsic loss power of the MNPs was determined and compared with the 

analytical calculations. 
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3.2 Fabrication of Cylindrical NiFe Magnetic Nanoparticles 

Compositionally modulated cylindrical NiFe nanowires were grown using the AAO 

template-assisted pulsed electrodeposition technique at room temperature (25 °C) in an 

electrolyte consisting of 0.5M NiSO4, 0.01M FeSO4 and 0.5M H3BO3.197-199 The AAO template 

was dissolved in 1M NaOH solution and the released nanowires were thoroughly rinsed with 

deionized water to de-alkalize. Subsequently, the Fe-rich regions in the nanowires were 

completely etched away in dilute HNO3 to form the MNPs, as shown in Figure 3.1.197 

 

Figure 3.1 Schematic illustration of the pulsed electrodeposition and differential chemical 

etching process flow. 

Associated intellectual property:  

“Fabrication of Magnetic Nanoparticles by Electrodeposition and Differential Chemical 

Etching Techniques”, W. L. Gan, M. Chandra Sekhar, D. W. Wong, and W. S. Lew  

Technology Disclosure, NTU ref: TD/083/14 (2013).  
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The diameter of the MNPs (d = 350 nm) was determined by the AAO template pore size, 

while the length (l = 75 nm, 200 nm, 500 nm) was controlled by the pulse durations. An increase 

in the high potential pulse VH duration of 2 s to 40 s results in an increased in l from 75 nm to 

500 nm. The dimensions of the MNPs were characterized by SEM images, as shown in Figure 

3.2 and 3.3. 

 

Figure 3.2 SEM image of cylindrical NiFe MNPs fabricated via template-assisted pulsed 

electrodeposition and differential chemical etching technique. 
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Figure 3.3 The graph of MNP length l vs high potential pulse VH duration.  
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Transmission electron microscopy (TEM) and selective area electron diffraction pattern 

(SAED) indicate a polycrystalline structure, as shown in Figure 3.4. The SAED pattern from 

the MNPs reveals a face-centered cubic (fcc) crystalline structure and the TEM image shows a 

lattice fringe spacing of 2.32 Å, corresponding to the (111) planes of fcc Ni-Fe lattice. The 

lattice spacing of the MNPs is smaller than bulk NiFe is attributed to the intrinsic stresses 

caused by the crystal imperfection and lattice mismatch between MNPs and AAO 

templates.131,200 By Debye–Scherrer’s relationship, the crystallite particle size can be calculated 

from the broadness of the diffraction peak, and is given by:  

cos
K

L
λ

θ
β =  

where L is the full width at half maximum (FWHM), λ is the wavelength of X-ray, K is the 

Scherrer constant and θ is the is the Bragg angle. From Figure 3.16 X-ray diffraction (XRD) 

pattern, the crystallite size is calculated to be ~11 nm. This corresponds to reported literature 

on NiFe or Ni nanostructures and nanowires with negligible or very small magneto-crystalline 

anisotropy (k).131 The crystal quality of MNPs is dependent on the electrodeposition conditions 

and can be modified by controlling the direction of crystal growth, which can affect the 

magnetic properties of the MNPs. 

 

Figure 3.4 (a) TEM and (b) SAED image of MNP showing polycrystalline structure. 
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3.3 Composition Control 

The anomalous co-deposition phenomenon has been observed for the deposition of Fe in 

NiFe thin films and nanowires with a dependency on the applied potential, as shown in Figure 

3.5. In the deposition of Fe group metals, the less noble metal deposits preferentially as 

compared to the more noble ones due to anomalous co-deposition effect.201 At lower potentials 

such as −0.9V, the proportion of Fe in the deposited alloy can almost be equal to the amount 

of Ni despite Fe ions being much scarcer than Ni ions.202 However, with the increase of 

negative potential from −0.9 V to −1.4 V, the effect of anomalous co-deposition peaks at −1.3V 

and subsequently reduces till the co-deposition of NiFe alloys becomes non-anomalous.203 
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Figure 3.5 The graph of high potential pulse VH vs Fe% in our NiFe thin film and nanowires. 

The composition of the fabricated cylindrical NiFe MNPs is controlled by the 

electrodeposition potential VH or the electrolyte composition. To show the large degree of 

control in the MNPs composition, various compositions of MNPs have fabricated (Ni88Fe12, 

Ni76Fe24, Ni52Fe48 and Ni36Fe64) and verified by EDX measurements, as shown in Figure 3.6. 

The EDX spectrometer displays the energies of X-rays (1−20 keV) against the number of 
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counts. The position of an energy peak in the spectrum is used to identify the element and the 

area under the peak is proportional to the number of atoms of the element. The qualitative 

analysis or identification of elements in the spectrum is usually achieved using manufacturer’s 

software.204,205 

 

Figure 3.6 EDX spectrum for Ni88Fe12, Ni76Fe24, Ni52Fe48 and Ni36Fe64. 

Figure 3.7 shows the normalised hysteresis loop obtained by VSM measurements for the 

NiFe MNPs with various composition. The magnetic field is increased to a value that is 

sufficient to overcome the effective magnetic anisotropy such that the magnetization reaches 

saturation. 
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Figure 3.7 Normalized hysteresis loops of NiFe MNPs (d = 350 nm and l = 500 nm) for 

Ni88Fe12, Ni76Fe24, Ni52Fe48 and Ni36Fe64 measured in the in-plane and out-of-plane directions. 

The squareness ratio SQR is a basic measurement of how square the hysteresis loop is, 

given by: 

SQR r

s

M
M

=  

The values of coercivity Hc, and squareness SQR = Mr/Ms for in-plane and out-of-plane 

applied magnetic fields are tabulated in Table 2. In general, the trend of in-plane Hc is higher 

than the out-of-plane Hc for Ni-rich MNPs (Ni88Fe12, Ni76Fe24 and Ni52Fe48), but reversed for 

Fe-rich MNPs (Ni36Fe64), which is in agreement with the previous studies on anomalous co-

deposition of NiFe nanowires.203 
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Ni:Fe ratio In-plane Hc (Oe) Out-of-plane Hc (Oe) In-plane SQR Out-of-plane SQR 

Ni88Fe12 84.5 33.8 0.060 0.054 

Ni76Fe24 62.7 54.0 0.023 0.027 

Ni52Fe48 68.6 51.4 0.048 0.049 

Ni36Fe64 80.7 91.1 0.064 0.054 

Table 2 Coercivity Hc, and squareness SQR = Mr/Ms values of of NiFe MNPs for Ni88Fe12, 

Ni76Fe24, Ni52Fe48 and Ni36Fe64 measured in the in-plane and out-of-plane directions. 

3.4 Magnetization Reversal in Cylindrical Magnetic Nanoparticles 

In micromagnetic simulations, the MNP with diameter (d) of 350 nm and length (l) of 

500 nm was first saturated in the –x direction parallel to its long axis (I), as shown in Figure 

3.8. As the applied magnetic field was reduced, a clockwise and an anticlockwise vortex were 

nucleated at the ends of the MNP, which started to move toward the center of the MNP, leading 

to a gradual reduction of the parallel magnetization component that caused a drop in the 

magnetoresistance (II). At 0 Oe (III), a third vortex core was found to be nucleated when the 

two vortices met at the center of the MNP. As the magnetic field direction was reversed, the 

third vortex core was annihilated at H ≈ ‒10 Oe. Next, an abrupt splitting of the two vortices 

was observed, which led to a sharp increase in the parallel magnetization component and also 

the magnetoresistance (IV-V). The magnetoresistance of the MNP returned to its initial value 

(VI) as the MNP began to saturate in the +x direction. 
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Figure 3.8 Magnetization configurations of the MNP at various magnetic field strengths from 

-250 Oe to +250 Oe. The arrows illustrate the direction of magnetization and the colors red and 

blue represent the clockwise and anticlockwise vortices, respectively. 

The hysteresis loops give detailed information on the magnetization states of the MNPs 

and its reversal mechanism under an applied magnetic field. Initially, the MNP was saturated 

by applying a large magnetic field along the MNP long axis and then relaxed. The simulations 

show that the MNPs have two distinct reversal processes with respect to an out-of-plane field 

depending on their length (l). 

At lengths l < 100 nm, only a single vortex nucleation was observed, characterized by a 

curling magnetization found in single domain circular nano-magnets.206,207 The interaction 

between the magnetostatic energy and exchange energy favors an in-plane, closed flux domain 

structure – the single vortex state. For lengths 100 < l < 300 nm, a double vortex nucleation 

occurred, consisting of a pair of anti-clockwise and clockwise vortex cores at the opposite ends 

of the MNPs. However, the annihilation of one vortex occurs as the magnetic field decreases, 
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resulting in a single vortex state. The hysteresis loop for a MNP with l = 200 nm and d = 150–

350 nm is shown in Figure 3.9.  

As l increases to more than 300 nm, the annihilation of vortex at low fields was absent, 

whereas a third vortex core was nucleated on the curved surface of the MNP. In Figure 3.10, 

the hysteresis loop for a MNP, with l = 500 nm and d = 150–350 nm, illustrates the reversal 

process from double vortex to triple vortex state. At sufficiently low magnetic fields, the triple 

vortex state is formed, which is a stable magnetization configuration. 

 
Figure 3.9 The hysteresis loop of MNPs with d = 150–350 nm and l = 200 nm. 
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Figure 3.10 The hysteresis loop of MNPs with d = 150–350 nm and l = 500 nm. 

The exchange energy, demagnetization or dipolar energy and Zeeman energy 

contributions to the total energy of the MNP are plotted as a function of applied magnetic field 

H along the MNP long axis in Figure 3.11 to 3.14, respectively. At large magnetic fields, the 

Zeeman energy contribution predominates and the spins are essentially aligned in the magnetic 

field direction. This parallel arrangement of the spins to the field minimizes the exchange 

energy contribution to the total magnetic energy. As the applied magnetic field is reduced, a 

clockwise and an anticlockwise vortices are nucleated at the ends of the MNP, which start to 

move toward the centre of the MNP, leading to a gradual reduction of the parallel magnetization 

component that causes a drop in the  Zeeman contribution, while other contributions become 

increasingly significant. The magnetization of the MNP tries to minimise the stray field, and 

thus demagnetization energy is minimal. At sufficiently low magnetic fields, the triple vortex 

state is formed, which is a stable magnetization configuration, with total energy kept at a 

minimum, as shown in Figure 3.10. As the magnetic field reverses, the sharp drop in exchange 

energy corresponds to the abrupt splitting of the two vortices. 
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Figure 3.11 The plot of exchange energy against applied magnetic field H. 
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Figure 3.12 The plot of dipolar energy against applied magnetic field H. 
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Figure 3.13 The plot of Zeeman energy against applied magnetic field H. 
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Figure 3.14 The plot of total energy against applied magnetic field H.  
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3.5 Biocompatible Surface Coating 

NiFe MNPs tend to aggregate due to the effects of strong dipole interactions between 

neighboring MNPs. Therefore, the surface modification of the MNPs using biocompatible and 

biodegradable polymer, such as chitosan,208-210 polyvinyl alcohol,211-213 oleic acid,214-216 

dextran217,218 and, most commonly polyethylene glycol (PEG),219-224 has been proposed. PEG 

is a hydrophilic polymer that has been widely used for improving blood circulation of 

liposomes and MNPs.225-228 To disperse the cylindrical NiFe MNPs into water, a biocompatible 

5000 g mol−1 PEG was used as a stabilizer.229 The SEM image shows the formation of an oxide 

shell around the MNPs, shown in Figure 3.15. This oxide shell prevents oxidation of the 

magnetic materials in the MNPs. Previous research works on FeCo MNPs and Fe MNPs  have 

shown severe oxidation from just exposure to the atmosphere.229,230  

 

Figure 3.15 SEM image of NiFe MNPs with PEG coating. 

  

  100 nm 
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The X-ray diffraction (XRD) pattern peak was mainly indexed at the (111) crystal planes 

which corresponds to the face-centered cubic (fcc) structure of bulk NiFe, as shown in Figure 

3.16. This indicates that the MNPs were electrodeposited with a preferred orientation of (111), 

which is also evident in NiFe nanowires fabricated by electrodeposition or sputtering.131,231 In 

addition, there was an absence of diffraction peaks corresponding to spinel oxide ((NiFe)3O4), 

which results from the formation of oxide phases due to the high concentration of Fe.232 The 

high crystallinity of the NiFe MNPs led to negligible surface spin canting, and hence retained 

the high saturation magnetization and small coercivity of the MNPs.233,234 Further 

characterizations for the PEG-coated NiFe MNPs were conducted using EDX measurement. 

As shown in Figure 3.17, mainly of Ni and Fe elements were detected, with the presence of a 

small percent of O element, an indication of the oxide shell formed around the MNPs. 
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Figure 3.16 XRD pattern for NiFe MNPs with PEG coating. 
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Figure 3.17 EDX pattern for NiFe MNPs with and without PEG coating. 

From Figure 3.18, the cell viability of the HeLa cells exposed to uncoated and PEG-

coated NiFe MNPs after 24 hours are 82.2% and 82.6%, respectively. After 48 hours, the cell 

viabilities decreased slightly to 79.9% and 82.1%, displaying slightly higher biocompatibility 

for PEG-coated MNPs. The cytotoxicity of the cylindrical NiFe MNPs to HeLa cells are 

comparable to other commercially available ferromagnetic NPs used in magnetic hyperthermia 

research.235 During the duration of < 4 hours, the cellular metabolic activity in cell controls 

with nanoparticles did not change drastically in comparison with cells controls without 

nanoparticles. The magnetic nanoparticles revealed insignificant cytotoxic effects to cells and 

they remained ~100% viable relative to control cells under 4 hours. Therefore, the effects of 

endocytosis on the intracellular cytotoxicity can be kept at a minimum during the duration of 

magnetic hyperthermia treatments. Our optical microscopy observation did not show any major 

cell morphology changes within 4 hours. 
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Figure 3.18 Cell viability with displayed images of HeLa cells after incubation with MNPs, 

over a period of 0‒48 hr (± SD, p < 0.05). 

3.6 Calorimetric Measurements 

The NiFe MNPs, with l = 500 nm and d = 350 nm, were exposed to an alternating 

magnetic field of 15.9 to 47.8 kAm-1 (200 to 600 Oe) at a frequency of 360 kHz, and the 

temperature-time curve is displayed in Figure 3.19. As characterized by the SAR equation, the 

SAR values were calculated to be 427 Wg-1, 1054 Wg-1 and 1742 Wg-1, for 15.9 kAm-1, 31.9 

kAm-1 and 47.8 kAm-1, respectively. As predicted, the larger the magnetic field strength, the 

greater the SAR value, i.e. the SAR value was proportional to the magnetic field strength. 

Therefore, an additional parameter ILP was obtained to give a better evaluation of the heating 

efficiency of the MNPs for magnetic hyperthermia. As characterized by the ILP equation, the 

ILP values were calculated to be 4.69 nHm2kg-1, 2.88 nHm2kg-1 and 2.12 nHm2kg-1, for 15.9 

kAm-1, 31.9 kAm-1 and 47.8 kAm-1 at 360 kHz, respectively. 
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Figure 3.19 Temperature-time curves of 0.05 mg/ml NiFe MNPs, with l = 500 nm and d = 350 

nm, measured in aqueous suspensions. The field frequency was 360 kHz, while the magnetic 

field strength increased from 15.9 kAm-1, 31.9 kAm-1 and 47.8 kAm-1 (200 Oe to 600 Oe). 

Next, NiFe MNPs, with d = 350 nm and l = 100–500 nm, were exposed to an alternating 

magnetic field of 47.8 kAm-1 (600 Oe) at a frequency of 360 kHz, and the temperature-time 

curve is displayed in Figure 3.20. As characterized by the SAR equation, the SAR values were 

calculated to be 409 Wg-1, 618 Wg-1 and 1742 Wg-1, for l = 100 nm, 200 nm and 500 nm at 

47.8 kAm-1 and 360 kHz, respectively. As characterized by the ILP equation, the ILP values 

were calculated to be 0.50 nHm2kg-1, 0.75 nHm2kg-1 and 2.12 nHm2kg-1 for l = 100 nm, 200 

nm and 500 nm at 47.8 kAm-1 and 360 kHz, respectively.  
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Figure 3.20 Temperature-time curves of 0.05mg/ml NiFe MNPs, with d = 350 nm, measured 

in aqueous suspensions. The magnetic field strength of 47.8 kAm-1 (600 Oe) and frequency of 

360 kHz, while the MNP length l increased from 100 nm to 500 nm. 

It was clear that MNPs with l = 500 nm had far greater heating efficiency than MNPs 

with l = 100 nm and 200 nm, leading to a more significant temperature rise. The highest SAR 

value of MNPs with l = 500 nm was 1742 Wg-1 at 47.8 kAm-1 and 360 kHz. For comparison, 

the SAR values for magnetic field of 15.9 to 31.9 kAm-1 (200 to 400 Oe) at a frequency of 360 

kHz and MNPs with d = 350 nm and l = 100–500 nm were tabulated in Figure 3.21. Under the 

same conditions, the SAR and ILP values of MNPs with l = 500 nm were four magnitudes 

higher than those with MNPs of smaller l. From micromagnetic simulations, it was observed 

that as l increases to > 300 nm, the magnetization reversal process of the MNP changed from 

a double vortex state to triple vortex state. At l < 100 nm, only a single vortex nucleation was 

observed, and at 100 < l < 300 nm, a double vortex nucleation occurred. The remanent 

magnetization Mr of the MNP was higher for the triple vortex state as compared to the single 

and double vortex state.  
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Figure 3.21 Tabulated SAR values for NiFe MNPs, with l = 100–500 nm and d = 350 nm 

under a magnetic field strength of 15.9 to 47.8 kAm-1 (200 Oe to 600 Oe) and frequency of 360 

kHz. 

For single domain MNPs, the theoretical model to calculate the dynamic hysteresis loop 

has been proposed by Carrey et al.88 For multi-domains MNPs, the use of micromagnetic 

simulations to obtain static hysteresis loop for calculation was reasonable for MNPs with large 

sizes, above the critical size for superparamagnetism, as the switching time of the 

magnetization is in the order of 10-9s. Since the switching time of magnetic hyperthermia is in 

the order ~10-6s, the large MNPs is able to keep up with the alternating magnetic field. The 

area of hysteresis loops from micromagnetic simulations of NiFe MNPs and VSM 

measurements was used to theoretically calculate the SAR values and tabulated in Figure 3.22. 

The SAR values of MNPs with l = 100 nm and 200 nm displayed a small SAR value at 

low magnetic fields below Hc and sharply increased till it reaches a saturation at high magnetic 

fields, which is characteristic of the ferromagnetic regime. In contrast, the magnetic field 

dependence of the SAR value of l = 500 nm MNPs, with the triple vortex state, followed a non-

linear relationship with SAR values that were ~6 times greater. The high remanent 
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magnetization Mr of the triple vortex state in the l = 500 nm MNPs was evident in the non-zero 

SAR values at low magnetic fields. The comparison between calorimetric measurements 

(Figure 3.21) and analytical calculations (Figure 3.22) indicated a qualitative and quantitative 

agreement on the features of MNPs in the ferromagnetic regime, displaying small SAR values 

at low magnetic fields and saturation at high magnetic fields which was correlated to the Hc of 

the MNPs. 

 

Figure 3.22 Theoretical SAR values for NiFe MNPs, with l = 100–500 nm and d = 350 nm. 

The heat dissipation of NiFe MNPs with triple vortex states were compared for d = 150–

350 nm, under an alternating magnetic field of 47.8 kAm-1 (600 Oe) at a frequency of 360 kHz, 

and the temperature-time curve is displayed in Figure 3.23. The SAR and ILP values were 

calculated to be 1785 Wg-1, 2073 Wg-1 and 2750 Wg-1, and 2.17 nHm2kg-1, 2.52 nHm2kg-1 and 

3.34 nHm2kg-1, for d = 350 nm, 250 nm and 150 nm, respectively. The MNPs with d = 150 nm 

and 250 nm were able to reach the optimal therapeutic temperature of 43 °C in 4.92 mins and 

7.45 mins at concentration of 0.1 mg/ml. After 10 mins, d = 350 nm MNPs were only able to 

reach the highest temperature of 40 °C. Comparing MNPs with different aspect ratios, it was 

found that the heating efficiency of d = 150 nm MNPs was 1.54 times greater than d = 350 nm 
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MNPs. This was because MNPs with d = 150 nm possessed the highest low field susceptibility 

and remanent magnetization. Therefore, the SAR value was closely correlated to the 

magnetization reversal process of the MNPs with both variations in l and d. 
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Figure 3.23 Temperature-time curves of 0.1 mg/ml NiFe MNPs, with l = 500 nm, measured in 

aqueous suspensions. The magnetic field strength of 47.8 kAm-1 (600 Oe) and frequency of 

360 kHz, while the MNP length d increased from 150 nm to 350 nm. 

From Figure 3.10, it can be observed that the area of hysteresis A evolves significantly 

with the diameter of the MNP. Therefore, the SAR value of the d = 150 nm MNPs increases so 

rapidly and saturates at a maximum SAR value of 6263 Wg-1. The analytical calculations 

showed that the MNPs with higher aspect ratios has higher hysteresis losses, resulting in higher 

theoretical SAR values, as shown in Figure 3.24. The comparison between calorimetric 

measurements (Figure 3.23) and analytical calculations (Figure 3.24) were in good qualitative 

agreement, but there were quantitative disagreements in the values of hysteresis losses. 
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Figure 3.24 Theoretical SAR values for NiFe MNPs, with d = 150–350 nm and l = 500 nm. 

The mismatch between the experimental and theoretical values arose from the NiFe 

MNPs being non-superparamagnetic and possesses non-negligible remanent magnetization, 

leading to unwanted agglomeration due to strong magnetic dipole interactions between 

neighboring MNPs.236,237 Since hydrodynamic volume of MNPs is a component governing the 

Brownian motion, the extent of aggregation of the MNPs will determine the dominating 

relaxation mechanism, i.e. Néel or Brownian relaxation. Hence, an aggregated group of MNPs 

versus a single free MNP will greatly differ in SAR values. Furthermore, an alternating 

magnetic field can induce nano-columns or nano-chains formation which exhibit dissimilar 

Brownian relaxation mechanism, and hence accounted for the discrepancy between the 

experimental and theoretical values.238-240 
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3.7 Chapter Summary 

The high SAR values displayed by the cylindrical NiFe MNPs, comparable with iron 

oxide MNPs (IOMNPs) and superparamagnetic iron oxide nanoparticles (SPIONs),79,241 

demonstrates the capability of these MNPs in heat dissipation under an alternating magnetic 

field. MNPs with the triple vortex state had far greater heating efficiency than MNPs with 

double or single vortex state, which have a SAR value of four times greater, attributed to the 

high Mr of the MNPs in the triple vortex state. Comparing MNPs with different aspect ratios, 

it was observed that the heating efficiency of d = 150 nm MNPs was 1.54 times greater than d 

= 350 nm MNPs due to a larger Mr and low field susceptibility. Both calorimetric 

measurements and micromagnetic simulations showed the correlation between the 

magnetization reversal process and the higher hysteresis losses from d = 150 nm MNPs, 

resulting in higher experimental and theoretical SAR values. 

However, the relatively large size of MNPs allowed for their accumulation in tumors via 

the enhanced permeability and retention (EPR) effect.242-244 This passive and non-selective 

process was a consequence of a leaky and underdeveloped tumor vascular system that causes 

large particles to gather at the tumor. These particles exited the circulation due to the leaky 

vascular system, but remained at the tumor site due to inefficient draining into the lymphatic 

system. Therefore, for the usage of these NiFe MNPs for clinical applications, the fine-tuning 

of the biocompatible PEG surface coating is needed. Such improvement will allow the MNPs 

to disperse better and reduce the unwanted agglomeration due to strong magnetic dipole 

interactions. Nevertheless, the easy control of the sizes of the NiFe MNPs and their magnetic 

properties indicated great potential for in vivo magnetic hyperthermia cancer therapy trials. 
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Chapter 4 – Magnetic Nanoparticles Actuated by Biaxial Pulsed 

Magnetic Field 

4.1 Chapter Introduction 

MNPs can be remotely controlled or manipulated by an external applied magnetic field, 

unlike any other nanomaterials. The resulting magnetic response of the MNPs can be in the 

form of a mechanical force or heat generation, governed by the magnetic field configuration, 

magnetic moment and magnetic susceptibility of the MNPs.67 In the previous chapter, magnetic 

hyperthermia requires the use of a high frequency alternating magnetic field in the kHz‒MHz 

range to induce a localized heat generation that induces cancer cell death at a critical 

temperature of above 43 °C.7-10 However, its invasiveness and great difficulty in targeting a 

specific cancerous area with homogenous heat generation poses a fundamental problem, in 

addition to the requirement of high frequency and strong magnetic fields.95,96 

Recently, it has been demonstrated that magnetic microdiscs, under an alternating 

magnetic field of less than 100 Hz, can exert sufficient mechanical force to achieve cell 

apoptosis.13-15 In contrast to achieving tumor regression through the effects of hyperthermia, 

the magneto-mechanical cell actuation method provides a non-invasive and targeted treatment 

method with high specificity and efficiency. Magneto-mechanical actuation is achieved by the 

spatial rotation of the particles to align to the applied magnetic field by Brown relaxation, which 

produces a magnetic torque.7,16 Most experimental work uses superparamagnetic particles, with 

zero remanent magnetization and low saturation magnetization values, to avoid agglomeration 

occurring due to magnetic stray fields. Therefore, the use of soft magnetic materials, with 

closed spin-vortex magnetization and high magnetization of saturation, eliminates the need of 

high magnetic fields for manipulation of these particles. Although the efficacy of relatively 
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large microdiscs with a single vortex state is well-understood,13-15 there is little research work 

on multi-vortex MNP in vitro magneto-actuated cancer cell apoptosis effects. 

In this chapter, a biaxial pulsed magnetic field configuration was shown to be a highly 

efficient magneto-actuated cancer cell apoptosis method. Its effectiveness was demonstrated in 

the light transmissivity dynamics of MNPs and in the decrease in the viability of HeLa cells. 

Micromagnetic simulations showed that the MNPs, with different aspect ratios, can form triple 

vortex states that increases the magnetic susceptibility and torque experienced by the MNPs. 

These results were further validated by their efficacy in inducing programmed cancer cell 

death. 

4.2 Light Transmissivity Dynamics 

The application of a magnetic field parallel to the laser beam aligns the long axis of the 

MNPs collinear to the optical axis of the beam, leading to a high amount of light transmitted 

through the suspension of MNPs, as shown in Figure 4.1. On the other hand, the application of 

a magnetic field perpendicular to the laser beam decreases the amount of transmitted light, as 

the MNPs long axis was facing and blocking the laser beam. Imax corresponds to the maximum 

light intensity measured, while Imin was the minimum light intensity measured due to the 

misalignment of the MNPs caused by Brownian motion.13,197 The change in transmitted light 

intensity (∆I = Imax − Imin) was measured over a range of frequencies. The frequency response 

of ∆I is representative of the MNP responsiveness to the applied magnetic field, which in turn 

is determined by the torque experienced by the MNP, and subsequently the resultant 

mechanical force exerted on the cells. 
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Figure 4.1 Illustrations of the light intensity maximum Imax and minimum Imin for the light 

transmissivity measurements. 

The magnetic torque experienced by MNPs that aligns its net magnetic moments to the 

applied magnetic field was experimentally observed through the light transmissivity 

measurements of a suspension of MNPs, with diameter (d) of 150 nm and length (l) of 500 nm. 

In this experiment, a quadrupole electromagnet was employed to apply an external magnetic 

field in two orthogonal directions. A laser and photodiode measure the light intensity 

transmitted through a suspension of MNPs in deionized water (DI) under different applied 

magnetic field configurations. The viscosities and refraction indices of DI water and DMEM + 

10% FBS were 0.88 cP and 0.94 cP, 1.33 and 1.345, respectively.245 Both values were 

comparable and show consistent light transmissivity results.  

Figure 4.2 and 4.3 illustrates the different applied magnetic field configurations. In 

uniaxial AC and DC pulsed magnetic field configuration, the magnetic field of 10 Oe was 

applied in a single direction using two opposite coils with AC or DC pulses. It is important to 

note that such a small amplitude magnetic field is insufficient to change the magnetization 

 

Imax 

Imin 

In
te

ns
ity

 (a
. u

.) 
H 

H 



 106  
 

states of MNPs, but enough to control the orientations of the MNPs. While in biaxial pulsed 

magnetic field configuration, the magnetic field was pulsed in two orthogonal directions.  

 

Figure 4.2 Illustrations of applied magnetic field configurations. 

 
Figure 4.3 The normalized transmitted light intensity for 1 Hz under the different applied 

magnetic field configurations; uniaxial DC pulsed (red), uniaxial AC pulsed (black) and biaxial 

pulsed magnetic fields (blue). 
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Magneto-mechanical cell actuation relies on two mechanisms to induce a force on the 

cell walls to induce cell apoptosis. The first of which is the Brown relaxation which describes 

the rotation of the MNPs to the direction of the applied field due to an induced magnetic torque. 

The Brown relaxation time tB characterizes the speed of rotation and was found to be 24 ms in 

our experiment by measuring the time taken for the light intensity to reach 0.9Imax from 0.1Imax. 

The second mechanism is the random rotational Brownian motion which introduces disorder 

in the alignment MNPs after the magnetic field is removed.7 However, this rotation is slower, 

with the rotational Brownian motion time tR measured to be 400 ms. 

The MNPs were initially magnetized and saturated by applying a large magnetic field of 

1 kOe. Subsequently, the light transmissivity dynamics measurements for uniaxial AC pulsed 

(black), uniaxial DC pulsed (red) and biaxial pulsed magnetic fields (blue) were measured over 

a range of frequencies (1–30 Hz), as shown in Figure 4.4, 4.5 and 4.6. The change in transmitted 

light intensity ∆I = Imax − Imin at each frequency was subsequently tabulated in Figure 4.7. 

 

Figure 4.4 The change in amplitude for increasing frequencies (1–30 Hz) for uniaxial AC 

pulsed magnetic field. 
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Figure 4.5 The change in amplitude for increasing frequencies (1–30 Hz) for uniaxial DC 

pulsed magnetic field. 

 

Figure 4.6 The change in amplitude for increasing frequencies (1–30 Hz) for biaxial pulsed 

magnetic field. 
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In uniaxial field configurations, the frequency response was limited by the large tR as 

shown in Figure 4.7, where the oscillation amplitude of the uniaxial AC and DC pulsed 

magnetic fields shows a sharp decrease with increasing frequency. In contrast, the biaxial 

pulsed field shows a high ∆I of 94.9–99.7% at low frequencies of 1–5 Hz. The application of 

magnetic field in orthogonal directions has two advantages. Firstly, it was no longer limited by 

the large tR as the need for MNP misalignment due to the random rotational Brownian motion 

was eliminated.246 This resulted in the diminishing value of ∆I being less substantial at higher 

frequencies. Secondly, a biaxial field configuration also ensures that the magnetic field was 

applied at a larger angle to the MNPs, hence maximizing the magnetic torque. The light 

transmissivity dynamics demonstrates that the biaxial field configuration can solicit a faster 

and stronger magnetic response from the MNPs across a wide range of frequencies. 
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Figure 4.7 The change in transmitted light intensity ∆I measured over a range of frequencies 

under the different applied magnetic field configurations; uniaxial DC pulsed (red), uniaxial 

AC pulsed (black) and biaxial pulsed magnetic fields (blue). 
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4.3 Biocompatibility 

Endocytosis is a type of active transport that enables the uptake of macromolecules and 

particles from the surrounding medium into a cell.247 The plasma membrane of the cell 

surrounds the targeted particle forming a pocket, which then buds off inside the cell to form a 

newly created intracellular vesicle with the ingested particle, as shown in Figure 4.8. When the 

HeLa cells were exposed to the MNPs, some MNPs were internalized to the cells due to 

endocytosis, and accumulated in the digestive vacuoles. This process causes the cell to overload 

and leads to induced cell death.248,249  

 

Figure 4.8 Illustration of endocytosis of MNPs. 

The cell viability was determined using PrestoBlue, a permeable resazurin-based cell 

viability reagent, which uses the reducing power of viable cells to quantitatively measure cell 

proliferation. PrestoBlue assay kit was performed according to the manufacturer's protocol. To 

obtain the biocompatibility of the MNPs, a concentration of 0.1 mg/ml was incubated with the 

HeLa cells over a period of 0‒48 hours. Subsequently, the cells were washed and incubated 

with the PrestoBlue reagent at 37°C and 5% CO2 for 2 hours. The cell viability was determined 
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using Synergy H4 Hybrid Multi-Mode Microplate Reader and the absorbance readings for each 

well at 570 nm and 600 nm were recorded. The cell viability was expressed as a percentage 

relative to the cells unexposed to MNPs. Each experiment was performed in quadruplicate sets 

of experimental and control assays in a 96-well microtiter plate. The results were represented 

as the mean ± standard deviation (SD). Statistical significance was analyzed using one-way 

analysis of variance (ANOVA) with OriginPro, OriginLab. A p value of < 0.05 was considered 

to be statistically significant. 

From Figure 4.9, the survival rates of HeLa cells exposed to d = 150 nm, 200 nm and 

350 nm MNPs were 88.1%, 83.9% and 83.3%, respectively, displaying high biocompatibility. 

After 48 hours, the cell survival percentages drop slightly to 83.4%, 83.2% and 82.5%. These 

results revealed that the d = 150 nm MNPs have a higher survival rate as compared to the other 

MNPs (d = 250 nm and 350 nm). The cytotoxicity rates of the MNPs were comparable to other 

commercially available ferromagnetic nanoparticles used for hyperthermia research with HeLa 

cells at similar concentrations.235 
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Figure 4.9 Cell viability of HeLa cells after incubation with MNPs (d = 150 nm, 200 nm 350 

nm), over a period of 0‒48 hours (± SD, p < 0.05).  
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The decrease in cell viability after incubation for 48 hours was due to the MNPs being 

endocytosed by the HeLa cells due to weak cell adhesive interactions between the MNPs and 

cell membrane. The fluorescence microscopy imaging of the HeLa cells incubated with MNPs 

for 48 hours without any magnetic field treatment has verified the above phenomenon of 

endocytosis. The cells were observed to be smaller and less spread with greater stimulated 

formation of lamellipodia and filopodia, as shown in Figure 4.10. When the MNPs are 

endocytosed or has lost contact with the cell surface, they are rendered ineffective for the 

magnetic field treatments. In addition, the cells are at an increased risk of cytotoxicity from the 

MNPs and effects of overloading. Surface functionalizing of MNPs with specific attachment 

can be explored to help prevent the MNPs from detaching from the cell surface and remain 

attached to cell surface receptors to reduce endocytosis and prolonged stimulation. 

 

Figure 4.10 Fluorescence microscopy image of HeLa cells and NiFe MNPs incubated for 48 

hours without magnetic field treatment. 

  

  25 μm 
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4.4 Magneto-Actuated Cell Apoptosis 

The efficiency of the various magnetic field configurations were investigated in in vitro 

cell destruction experiments. A magnetic field of 140 ± 10 Oe was applied to the suspension 

of HeLa cells with a concentration of 0.1 mg/ml of MNPs, for a range of frequencies between 

1‒20 Hz over a period of 10 mins each. During the experiments, the temperature of cell medium 

was monitored by an infrared thermometer and kept at 23.0 ± 0.5 °C, ensuring the contribution 

of magnetic hyperthermia was negligible. From Figure 4.11, the cell viability after the 

application of uniaxial AC pulsed magnetic field was at > 90% for all frequencies, which 

indicates low cell death induced by magneto-mechanical effects. This was reflective of the light 

transmissivity results in Figure 4.7, where the MNP was unable completely rotate to align to 

the field direction, resulting in a smaller magnetic torque experienced by the MNP, and hence 

a weaker mechanical force exerted on the cells. The cell viability also shows an increase in 

average effectiveness of 6.6% for uniaxial AC to DC pulsed magnetic field. However, at 

frequencies above 10 Hz, the DC pulsed magnetic field becomes increasingly ineffective in 

rotating the MNPs by Brown relaxation (∆I ≈ 0%), which resulted in falling toxicity, as shown 

in Figure 4.11. 

The biaxial pulsed magnetic field actuated a larger magnetic torque on the MNP that led 

to an increase in the effects of in vitro magneto-actuated cell apoptosis. Although a steady 

decline in the effectiveness of cell destruction with increasing frequencies was observed, the 

effects of magneto-actuated induced cell death was still apparent at high frequencies. The lower 

responsiveness of MNPs to the magnetic field demonstrates that a smaller magnetic torque was 

generated. Therefore, reinforcing that lower frequencies were more effective for magneto-

actuated cell apoptosis, with the biaxial pulsed magnetic field showing an increase in average 

efficacy of 17.9% and 11.3% over the uniaxial AC and DC pulsed magnetic field, respectively. 
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Figure 4.11 Cell viability of HeLa cells after magneto-actuated cell apoptosis treatment for 

different applied magnetic field configurations; uniaxial DC pulsed (red), uniaxial AC pulsed 

(black) and biaxial pulsed magnetic fields (blue) (± SD, p < 0.05). 

Ferromagnetic microdiscs have been shown to activate mechanosensitive ion channels 

mediated by mechanical stimuli, which is able to initiate cell apoptosis and programmed cell 

death.13 The activation of mechanosensitive channels, due to cell membrane stretching, leads 

to the increase of intracellular calcium.250,251 This prolonged exposure to high concentration of 

intracellular calcium triggers cell apoptosis.252-254 After the application of the biaxial pulsed 

magnetic field, the cell death was analyzed by light and fluorescence microscopy. 

Optical images show drastic changes in the morphology of the HeLa cells structures. The 

control cells maintain an elongated cell structure, whereas the cells exposed to the applied 

magnetic field showed a more circular and rounded-off cell structure, as shown in Figure 4.12 

(a) and (b), respectively. This was an apparent cell fractionation and redistribution of nucleic 

material.13 These observed effects were characteristic of apoptosis via genomic DNA 

fragmentation. The percentage of dead cells was obtained by using haemocytometry and 
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Trypan Blue (TB) solution. TB dye exclusion test is routinely used as a cell stain to assess cell 

viability, where only the non-viable cells are permeable to the dye. 

 

Figure 4.12 In vitro cell apoptosis by biaxial pulsed magnetic field. Optical microscopy images 

of HeLa cells and NiFe MNPs (a) no field control and (b) with biaxial pulsed magnetic field 

treatment at 1 Hz. The cells were stained with Ethidium Bromide (EB) to observe apoptotic 

changes. 

The HeLa cells before and after the magnetic field treatment were stained with Ethidium 

Bromide (EB), which is a common dye used for DNA and RNA detection, to observe the cell 

death pathway. EB enters only non-viable cells with damaged membrane and fluoresce with 

an orange colour, after binding to DNA.255,256 The fluorescence images were captured on the 

Nikon Eclipse Ti-S inverted microscope equipped with DAPI-FITC-TRITC filter at an 

excitation maximum of 300 nm and 520 nm and an emission maximum of 600 nm. A minimum 

of 500 cells were counted in each group to obtain a quantitative measure of cell apoptosis at 

each frequency between 1‒20 Hz. In the absence of an applied magnetic field, the control cells 

with MNPs have shown to be non-cytotoxic, as revealed in Figure 4.13 (a). While the HeLa 

cells after the magneto-actuated treatment exhibit signs of early apoptosis as indicated by bright 

nuclear staining with EB, as shown in Figure 4.13 (b). 

(a) 

  50 μm 

(b) 

  50 μm 
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Figure 4.13 In vitro cell apoptosis by biaxial pulsed magnetic field. Fluorescence microscopy 

images of HeLa cells and NiFe MNPs (a) no field control and (b) with biaxial pulsed magnetic 

field treatment at 1 Hz. The cells were stained with Ethidium Bromide (EB) to observe 

apoptotic changes. 

The quantified data from TB-stained and EB-positive fluorescent cells for frequencies 

between 1‒20 Hz are presented in Figure 4.14. A larger number of apoptotic cells and dead 

cells were observed at low frequencies of 1–5 Hz. At higher frequencies, the number of 

apoptotic cells and dead cells decreased, but still showed signs of apoptosis. The TB staining 

of 49.1% at 1 Hz (12.6% for control) indicates that the MNPs in the presence of the biaxial 

magnetic field can induce sufficient mechanical force to compromise the integrity of the cell 

membrane. It was observed that some cells had change in morphology without EB staining, 

which can be attributed to necrotic cell death caused by a strong mechanical disruption to the 

cell structure.14 Hence, Figure 4.14 shows an overall higher percentage of dead cells count from 

the TB dye test as compared to the percentage of apoptotic cells. 

(a) 

  200 μm 

(b) 

  100 μm 



 117  
 

Control 1 Hz 2 Hz 5 Hz 10 Hz 20 Hz
0

20

40

60

80

100
 Ethidium Bromide
 Trypan Blue

 

Frequency (Hz)

A
po

pt
ot

ic
 C

el
ls

 (%
)

0

20

40

60

80

100
 

 D
ea

d 
C

el
ls

 (%
)

 

Figure 4.14 The quantified data from TB-stained and EB-positive fluorescent cells for 

frequencies between 1‒20 Hz (± SD, p < 0.05). 
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4.5 Comparison of Magnetic Nanoparticles with Different Aspect Ratios 

The low field magnetic susceptibility (χ) was obtained from micromagnetic simulated 

MNP hysteresis loops as a function of l and d for both single vortex state (dashed lines) and 

triple vortex state (solid lines), and tabulated in Figure 4.15. The triple vortex state is a 

frustrated state that was found to be stable in ferromagnetic MNPs over a wide range of material 

parameters.197 To obtain the single vortex state in MNPs with l > 300 nm, a clockwise bias 

field was initially applied to favor the formation of a single vortex magnetization in the MNPs. 

An increase in low field susceptibility as the magnetization state of the MNP switches from a 

single to triple vortex state at l > 300 nm was observed. 

 

Figure 4.15 The low field magnetic susceptibility (χ) was obtained as a function of MNP d = 

150–350 nm and l = 50–500 nm for both single vortex state (dashed lines) and triple vortex 

state (solid lines). 
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Similarly, the remanent magnetization of the MNP was higher for the triple vortex state 

as compared to the single vortex state, as tabulated in Figure 4.16. This increase was most 

significant for d = 150 nm MNPs, in contrast to ferromagnetic discs where a decrease in 

diameter or increase in length leads to a reduction in susceptibility.257,258 

 

Figure 4.16 The magnetization Mr/Ms was obtained as a function of MNP d = 150–350 nm 

and l = 50–500 nm for both single vortex state (dashed lines) and triple vortex state (solid lines). 

The magnetic torque exerted on a MNP by the applied magnetic field is given by: 

0 0 rm H M V H sinτ µ µ θ= × =  

where Mr is the magnetic moment of the MNP at remanence, H is the applied field, μ0 is the 

magnetic permeability (µ0 = 4π × 10−7 Hm−1), and V is the volume of the MNP. The angle θ is 

the angle between the applied magnetic field and plane of the MNP, which gives maximum 

torque when the field is at 90°.  
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In a uniform magnetic field, the force acting on the HeLa cells can be approximated by 

calculating the force exerted at the edge of the MNP: 

2F
l
τ

=  

In Figure 4.17, the F/H graph showed that a d = 150 nm MNP was able to induce a 

significantly greater force as compared to the other MNPs. At 140 Oe, the force for d = 150 

nm, 250 nm and 350 nm MNPs were obtained to be 88.9 pN, 27.0 pN and 19.1 pN, respectively. 

Although a force of ~100 pN is needed to rupture the cell membrane physically,259-261 only 0.5 

pN is needed to activate ion channels leading to cell apoptosis.262,263 
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Figure 4.17 The force exerted by MNPs with respect to applied magnetic field for d = 150–

350 nm and l = 50–500 nm. 

The effects of magneto-actuated cell apoptosis were compared for MNPs of different 

aspect ratios (d = 150 nm, 250 nm and 350 nm), with triple vortex states, under the biaxial 

pulsed magnetic field. Similar trends of decreasing effectiveness at higher frequencies, with 

highest cell death recorded at 1 Hz, as shown in Figure 4.18. A drop of 12% effectiveness in 
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cell viability was also observed at all frequencies for both d = 200 nm and 350 nm MNPs as 

compared to d = 150 nm MNPs. This result was supported by micromagnetic simulations which 

showed that d = 150 nm MNPs were able to exert a force that was more than four times larger 

than MNPs with d > 200 nm. 
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Figure 4.18 The comparison of cell viability of HeLa cells after magneto-mechanical cell 

destruction treatment using MNPs with d = 150–350 nm and l = 500 nm (± SD, p < 0.05). 
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4.6 Chapter Summary 

The proposed cell death mechanisms for uniaxial AC pulsed (black), uniaxial DC pulsed 

(red) and biaxial pulsed magnetic fields (blue) were summarized in Figure 4.19. In uniform 

magnetic fields, MNPs will experience a magnetic torque that aligns its net magnetic moments 

to the field direction by Brown relaxation, which translates into a force onto the cell. In uniaxial 

DC field, the misalignment of MNPs was due to random Brownian motion, as shown in Figure 

4.19 (a). In uniaxial AC field, the MNPs were continuously made to re-align to the new field 

directions +B and −B, which translate into a force exerted onto the cell, as shown in Figure 

4.19 (b). In the case of biaxial field, the MNP misalignment is not dependent on random 

rotational Brownian motion and the orthogonal directional fields enables the magnetic field to 

be applied at a larger angle to the MNPs, hence maximizing the magnetic torque and force onto 

the cell, as shown in Figure 4.19 (c). In all magnetic field configurations, this spatial rotation 

of the MNPs exerts a force onto the cell, activating mechanosensitive ion channels, triggering 

cell apoptosis. 

It has been demonstrated that the biaxial pulsed magnetic field actuated a larger magnetic 

torque on the MNP that resulted in an increase in vitro magneto-actuated cell apoptosis. This 

was attributed to the orthogonal directional fields that eliminates the reliance on rotational 

Brownian motion. The TB-stained and EB-positive fluorescent cells have shown the integrity 

of the cell membrane being compromised and the initiation of programmed cell death via 

apoptosis. Comparing MNPs of different aspect ratios, it was found that the d = 150 nm MNPs 

possessed the highest low field susceptibility and remanent magnetization, thus allowing a 

larger force to be exerted on the cells. This was seen in the cell viability test where the d = 150 

nm MNPs produced 12% higher cell death.  



 123  
 

Figure 4.19 Schemes of the proposed cell death mechanisms for different applied magnetic 

field configurations; uniaxial DC pulsed (red), uniaxial AC pulsed (black) and biaxial pulsed 

magnetic fields (blue). 

 

 

  



 124  
 

Chapter 5 – Interplay of Cell Death Signaling Pathway by 

Magnetic Field Gradient 

5.1 Chapter Introduction 

When exposed to different types of MNPs and magnetic field configurations, multiple 

cell death pathways, such as apoptosis and necrosis, can be observed simultaneously in cell 

cultures or tissues. Apoptosis is a form of programmed cell death characterized by 

morphological features such as reduction of cell volume, membrane blebbing and formation of 

apoptotic bodies.103,104 It is vital for normal development, homeostasis and functioning of the 

immune system, and anti-inflammatory reactions. Necrosis is a form of unprogrammed cell 

death arising from external perturbations with the release of intracellular contents after cell 

membrane damage, causing inflammation. In the previous chapter, in the case of low frequency 

uniform magnetic fields, the heat generated by the MNPs was negligible, but the mechanical 

stress exerted on the cells was only sufficient for the initiation of programmed cell death, 

apoptosis. 

 In this chapter, the force exerted onto the HeLa cells by MNPs with different aspect 

ratios under both uniform and non-uniform magnetic fields configurations was examined. The 

applied magnetic field generates a magnetic torque on the MNPs, which in turns exerts a force 

onto the HeLa cells inducing apoptosis or necrosis. Fluorescence microscopy with Acridine 

Orange and Ethidium Bromide (AO/EB) dual staining attributed the cell death mechanism to 

be predominantly apoptosis by the uniform magnetic field or field gradient. In an alternating 

field gradient, the MNPs oscillates with a force sufficient to mechanically rupture the cell 

membrane. The fluorescence dual staining reveals an increase in necrotic cell population 

coupled with higher lactate dehydrogenase leakage and greater reduction in cell viability, 

indicating cell necrosis. 
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 A pair of electromagnetic coils were employed to create a vertically oriented magnetic 

field with two configurations; uniform magnetic field (i.e. zero gradient) and non-uniform 

magnetic field with a vertical magnetic field gradient, as shown in Figure 5.1 (a) and (b). An 

infrared thermometer was used to remotely monitor the cell culture medium and kept at 23.0 ± 

0.5 °C, eliminating any contributions from magnetic hyperthermia. 

 

Figure 5.1 Experimental setup of the electromagnetic coils employed to produce a vertically 

oriented magnetic field with two configurations; uniform magnetic field (i.e. zero gradient) and 

non-uniform magnetic field with a vertical magnetic field gradient.  
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5.2 Uniform Magnetic Field 

In a uniform magnetic field, the MNP experiences a magnetic torque that rotates it so 

that its net magnetic moments are aligned to the field direction. The relationship between the 

magnetic torque and the applied magnetic field is given by: 

M VB sinθ= × =τ m B  

where m is magnetic moment and M is the magnetization of the MNP in the applied magnetic 

field B, the volume V of the MNP is given as ( )22d / lπ , and θ is the angle between the long 

axis of the MNP and B. The magnitude of the force acting on the HeLa cells can be obtained 

by calculating the magnetic torque exerted on the edge of the MNP: 

22
2
dF M B sin

l
π θ= =

τ
 

The angular dependence of M was obtained by applying a rotating constant magnitude 

uniform magnetic field B with respect to MNP long axis from θ = 0 to 180°. The MNPs were 

first magnetically saturated by applying a strong magnetic field of 0.1 T. Upon relaxation, an 

anticlockwise vortex and a clockwise vortex form at the ends of the MNP, and are connected 

by a third vortex nucleated at the center of the MNP.101,197 A weak magnetic field of B = 0.005‒

0.025 T was applied, which is inadequate to influence the magnetization configurations of the 

MNPs, but sufficient for inducing the spatial rotation of the MNPs. This weak field induces a 

small gyration of the third vortex core about its equilibrium position, with respect to the field 

direction, as shown in Figure 5.2. 
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Figure 5.2 MNP magnetization configuration in a weak applied magnetic field from θ = 0° to 

180°, showing the rotation of the third vortex. 

The magnetization M/Ms in an applied magnetic field (B = 0.005‒0.025 T) with angular 

dependence (θ = 0‒180°) for MNPs with diameters of d = 150, 250 and 350 nm were plotted 

individually in Figure 5.3, 5.4 and 5.5, respectively. As the weak magnetic field rotates from 

0° to 180°, M was observed to increase and saturate when the field was perpendicular (θ = 90°), 

from which the maximum torque can be obtained. 

 

Figure 5.3 MNP (d = 150 nm) magnetization M/Ms in an applied magnetic field (B = 0.005‒

0.025 T) with angular dependence (θ = 0‒180°). 
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Figure 5.4 MNP (d = 250 nm) magnetization M/Ms in an applied magnetic field (B = 0.005‒

0.025 T) with angular dependence (θ = 0‒180°). 

 

Figure 5.5 MNP (d = 350 nm) magnetization M/Ms in an applied magnetic field (B = 0.005‒

0.025 T) with angular dependence (θ = 0‒180°).  
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The force (F) exerted by the MNPs with respect to applied magnetic field strength (B) 

for various field angles (θ) shows the maximum force for MNPs with diameters d = 150, 250 

and 350 nm to be 0.041 pN, 0.11 pN and 0.20 pN, respectively (Figure 5.6). While the physical 

rupture of the cell membrane requires a force of ~100 pN,259-261 a force of 0.5 pN is sufficient 

for the activation of mechanosensitive ion channels mediated by mechanical stimuli, leading 

to apoptosis.262,263 To observe the cellular response to the MNPs in an uniform magnetic field, 

the HeLa cells were exposed to a similar amplitude field of B = 0.005‒0.025 T, with a 

concentration of 0.1 mg/ml of MNPs, for a period of 10 mins each. 

 

Figure 5.6 Magnitude of force exerted by MNPs (d = 150, 200 and 350 nm), calculated by the 

torque exerted on the edge of the MNP, with respect to the angle θ and magnetic field strength 

B = 0.005‒0.025 T.  

The cell viability was assessed using the PrestoBlue assay kit, a fluorescent indicator of 

cell proliferation. The HeLa cells were incubated with PrestoBlue reagent at 37 °C, 5% CO2 

for 2 hours after the magnetic field treatment. The Tecan Infinite M200 PRO Microplate Reader 
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was used to measure the absorbance values at 570 nm and 600 nm. Each experiment was 

performed in quadruplicate sets of experimental and control assays in a 96-well microtiter 

plate. The results were represented as the mean ± SD. Statistical significance was analyzed 

using one-way ANOVA and a p value of < 0.05 was considered to be statistically significant. 

The cell viabilities were observed to decrease gradually with increasing field strength, 

and was slightly lower in cells with low aspect ratio MNPs, as shown in Figure 5.7. The results 

from this assay demonstrate that the magnetic field strength and MNP aspect ratios has no 

immediate adverse effect, with cell viability greater than 80%. In the absence of magnetic field 

(B = 0 T), the cytotoxicity of the MNPs had minimal effect on cell viability, which was 

consistent with the known cytotoxicity rates of NiFe MNPs used in hyperthermia research with 

HeLa cells.235 
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Figure 5.7 Cell viability of HeLa cells after uniform magnetic field treatment of B = 0.005‒

0.025 T.   
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5.3 Non-Uniform Magnetic Field 

 By reversing the polarity of one electromagnetic coil, a non-uniform magnetic field 

with a field gradient (FG) was obtained, as shown in Figure 5.8. In the FG configuration, the 

magnetic field was applied in a single direction using DC pulses. A Hirst gauss meter was used 

to measure the magnetic field strength between a pole gap of 1 cm, with a resolution of 1 Oe, 

that corresponds to the 96-well microtiter plate with a well depth of 1.03 cm. 

 

Figure 5.8 The plot of a non-uniform magnetic field with a field gradient of ∇B = 4.98 ‒ 23.3 

T/m. 

In a non-uniform magnetic field, a translational force acts on the MNPs, which is 

proportional to ∇B. The force acting on the MNPs is given by: 

2

( )
4

F d lM Bπ
= ⋅∇ = ∇m B  

The maximum force for d = 150, 250 and 350 nm MNPs were calculated to be 0.18 pN, 0.49 

pN and 0.97 pN, respectively (Figure 5.9). 
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Figure 5.9 Magnitude of force acting on MNPs (d = 150, 200 and 350 nm), proportional to the 

magnetic field gradient ∇B. 

The cell viability also exhibits similar trends after the FG treatment (∇B = 0‒23.3 T/m). 

A significant reduction in cell viability was observed after the HeLa cells were treated with 

low aspect ratio MNPs at larger gradients, ∇B > 12.4 T/m, as shown in Figure 5.10. The 

micromagnetic simulations shows that only the low aspect ratios MNPs were able to deliver a 

force surpassing the limit required to trigger cell apoptosis, which was also substantiated in a 

20% increase in efficacy in reduction of cell viability as compared to high aspect ratios MNPs. 

Previous work has showed that the maximum magnetic torque generated by soft magnetic 

materials has an upper boundary that is influenced by body geometry and saturation 

magnetization of the material, independent on the magnitude of the applied magnetic field.264 

In contrast, the magnetic torque induced in an unsaturated magnetic material is reliant on the 

magnitude of the applied field. After reaching magnetic saturation, the magnetic field should 

be applied at an optimal angle in order to produce the maximum torque, but not by simply 
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increasing the magnitude of applied field. Therefore, the force exerted by the magnetic torque 

is limited by an upper boundary, while a greater translational magnetic force can be generated 

by larger directional derivatives in the applied magnetic field. 
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Figure 5.10 Cell viability of HeLa cells after non-uniform magnetic field treatment of ∇B = 0‒

23.3 T/m (± SD, p < 0.05). 

5.4 Alternating Magnetic Field Gradient 

 In the alternating magnetic field gradient (AFG), the polarity of the electromagnetic 

coils was constantly reversed by AC pulses, which inverses the direction of the magnetic field 

gradient periodically. Thus, the MNPs undergo a lateral back and forth oscillation with a 

dependency on the frequency and magnitude of the AC pulses. The alternating force induces 

movement of the MNPs in two opposite directions, downwards into the cells and upwards away 

from the cells. To examine the effectiveness of the treatments, the HeLa cells were exposed to 

both FG and AFG configurations for a range of frequencies between 0.17‒3.33 Hz over a 

period of 10 mins each. 
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5.5 Quantification of Cell Death 

The cells were stained with AO/EB for the quantification of live, apoptotic and necrotic 

cell populations in the control and treated groups. AO is a cell-permeant nucleic acid binding 

dye that stains both viable and non-viable cells and emits green fluorescence. EB is a sensitive 

fluorescent dye that only stains cells with damaged membranes and emits red fluorescence. 

This fluorescence distinction between live, apoptotic and necrotic cells allows AO/EB dual 

staining to be a qualitative and quantitative evaluation of the cell proliferation and cell death 

effects in our treatments.186-189 The cells were incubated with 20 μg/ml AO and 20 μg/ml EB 

fluorescent dyes at 37 °C, 5% CO2 for 30 mins, and analyzed under a Nikon Eclipse Ti-S 

inverted microscope equipped with DAPI-FITC-TRITC filter. A minimum of 300 cells were 

counted in each well to obtain the ratio between apoptotic and necrotic cells at each frequency 

between 0.17‒3.33 Hz and reported as a percentage of the total number of cell counted. Each 

experiment was performed in quadruplicate sets of experimental and control assays in a 96-

well microtiter plate. The results were represented as the mean ± SD. Statistical significance 

was analyzed using one-way ANOVA and a p value of < 0.05 was considered to be statistically 

significant. 

 Fluorescence microscopy images enabled the detection of changes in cell morphology 

by the differential uptake of the fluorescent DNA binding dyes. HeLa cells exposed to FG show 

orange apoptotic cells with fragmented chromatin, cell blebbing and the formation of apoptotic 

bodies, which implies that the FG configuration predominantly induces apoptosis (Figures 5.11 

(a-b)). In contrast, the majority of HeLa cells exposed to AFG have ruptured nuclear and 

plasma membranes, exhibiting less defined cellular outlines (Figures 5.11 (c-d)). In addition, a 

uniformly red nucleus with organized structure was observed, indicating necrosis. 
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Figure 5.11 Optical (left) and fluorescence (right) microscopy images of HeLa with AO/EB 

dual staining. (a, b) Treatment with magnetic field gradient (FG) shows membrane blebbing, 

fragmented chromatin and formation of apoptotic body, indicating apoptosis. (c, d) Treatment 

with alternating magnetic field gradient (AFG) shows an unapparent outline of the cells, 

rupture of both nuclear and plasma membranes, indicating necrosis.  
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The quantified data from AO/EB dual staining are presented in Figure 5.12 (a-b). In the 

case of FG, the percentage of apoptotic cells population saturates with increasing frequencies. 

The highest percentage of apoptotic cells occurred at 3.33 Hz with 47% of the HeLa cell 

population. Switching to AFG, the percentage of necrotic cells increased near linearly as the 

frequency increases, while the percentage of apoptotic cells remains low at <15%. The highest 

percentage of necrotic cells (58%) was observed after the AFG treatment at 3.33 Hz, with the 

largest number of oscillation cycles. The in vitro study demonstrates that the cell membrane 

can be effectively disrupted by the lateral oscillations of the MNPs. In comparison, AFG was 

shown to be more effective at inducing HeLa cell death via largely necrosis. 

 

 

 

 

 

 

 

Figure 5.12 The quantification cell populations in (a) magnetic field gradient (FG) and (b) 

alternating magnetic field gradient (AFG) groups. The results were displayed as the mean 

percentage (%) of live, apoptotic and necrotic cell populations (± SD, p < 0.05). 

The cell viability of both magnetic field gradient configurations were determined using 

the PrestoBlue assay to further investigate the cell death mechanisms. The HeLa cells were 

incubated with PrestoBlue reagent at 37 °C, 5% CO2 for 2 hours after the magnetic field 

treatment. The Tecan Infinite M200 PRO Microplate Reader was used to measure the 
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absorbance values at 570 nm and 600 nm. Each experiment was performed in quadruplicate 

sets of experimental and control assays in a 96-well microtiter plate. The results were 

represented as the mean ± SD. Statistical significance was analyzed using one-way ANOVA 

and a p value of < 0.05 was considered to be statistically significant. 

The results showed that FG and AFG led to a maximum reduction of 25% and 51% in 

cell viability, respectively (Figure 5.13). For FG, the cell viability remains relatively constant 

even when frequency was increased, reflecting a similar trend as the percentage of live cells 

from AO/EB dual staining. In contrast, AFG showed a more significant decrease in cell 

viability at all frequencies. 
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Figure 5.13 Cell viability of HeLa cells after magnetic field gradient (FG) and alternating 

magnetic field gradient (AFG) treatment for a range of frequencies between 0.17‒3.33 Hz (± 

SD, p < 0.05).  
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5.6 Quantification of Caspase-3/7 Activation 

Caspase-3/7 are downstream executioner caspases associated with the apoptotic pathway 

that are responsible for apoptotic chromatin condensation and DNA fragmentation.190 The 

activation of caspase-3/7 is thus a hallmark characteristic of apoptosis. The activity of caspase-

3/7 in the HeLa cells were measured by CellEvent™ Caspase-3/7 Green Detection Reagent, a 

nucleic acid binding fluorescent dye. In apoptotic cells with activated caspase-3/7, the DEVD 

peptide is cleaved, which allows the dye to bind to DNA and emits bright green fluorescence, 

as shown in Figure 5.14.191-193 The reagent was diluted into phosphate-buffered saline with 5% 

fetal bovine serum to a final concentration of 5 μM. The cell culture medium was removed and 

the cells were incubated with 100 μL of diluted reagent at 37 °C, 5% CO2 for 30 mins. The 

Tecan Infinite M200 PRO Microplate Reader was used to measure the fluorescence signal at 

the absorption and emission values of 502 nm and 530 nm, respectively. Each experiment was 

performed in quadruplicate sets of experimental and control assays in a 96-well microtiter 

plate. The results were represented as the mean ± SD. Statistical significance was analyzed 

using one-way ANOVA and a p value of < 0.05 was considered to be statistically significant. 

 

Figure 5.14 Fluorescence microscopy images of caspase-3/7 activated cells showing active 

caspase in bright green fluorescence.  
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The percentage of caspase-3/7 activated cells was substantially increased in FG from 9% 

to 53% at 3.33 Hz, a clear indication of induced apoptosis, as shown in Figure 5.15. The 

treatment with AFG showed minimal caspase-3/7 activity at all frequencies (< 15%). 

Therefore, the activation of caspases-3/7 provided further evidence for the induction of 

apoptosis in response to the treatment with FG. 

 

Figure 5.15 Percentage of caspase-3/7 activated cells after magnetic field gradient (FG) and 

alternating magnetic field gradient (AFG) treatment for a range of frequencies between 0.17‒

3.33 Hz (± SD, p < 0.05). 

5.7 Quantification of Cell Membrane Damage 

When the cell membrane integrity is compromised or damaged, lactate dehydrogenase 

(LDH), a cytosolic enzyme present in most cells, is released into the surrounding cell culture 

medium.194-196 The leakage of LDH into the cell culture medium from damaged cells is 

quantitatively measured by Pierce LDH cytotoxicity assay kit. After the magnetic field 

treatment, the cell culture supernatant was transferred to a new microplate and mixed with the 

reaction mixture reagent. After the microplate was incubated at room temperature for 30 mins, 

the reactions were stopped by adding the stop solution. The LDH activity was determined by 
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spectrophotometric absorbance at 490 nm. Each experiment was performed in quadruplicate 

sets of experimental and control assays in a 96-well microtiter plate. The results were 

represented as the mean ± SD. Statistical significance was analyzed using one-way ANOVA 

and a p value of < 0.05 was considered to be statistically significant. 

The inherent linearity of the Pierce LDH cytotoxicity assay kit allows it to accurately 

enumerate the number of necrotic cells in the cell culture medium.194 The treatment with AFG 

reveals a continuous rise in LDH levels for increasing frequencies, while the treatment with 

FG showed insignificant changes in LDH levels at all frequencies (< 21%), as shown in Figure 

5.16.  At 3.33 Hz, the LDH release was 381% higher than the untreated control cells. This was 

in accordance with the AO/EB dual staining results, which shows that the percentage of 

necrotic cells increases only for the treatment with AFG. A 24 hour exposure to MNPs, without 

any magnetic field treatments, showed no significant increase in extracellular LDH in the cell 

culture medium. This ensures that the observed extracellular LDH was not due to stimulated 

LDH secretion by exposure to the MNPs, but due to the loss of cell membrane integrity.265 

 

Figure 5.16 Lactate dehydrogenase (LDH) leakage from the loss of cell membrane integrity in 

HeLa cells (± SD, p < 0.05).  
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5.8 Chapter Summary 

The proposed cell death mechanisms for the uniform and non-uniform magnetic fields 

were summarized in Figure 5.17. In a uniform magnetic field, the MNP experiences a torque 

that aligns its net magnetic moments to the field direction by Brown relaxation, as shown in 

Figure 5.17 (a). After the magnetic field was removed, random rotation Brownian motion 

causes random change in the orientation of MNPs. The uniform magnetic field configuration 

utilizes the spatial rotation of MNP, which exerts a force onto the cell, activating 

mechanosensitive ion channels, leading to cell apoptosis.13 The activation of mechanosensitive 

ion channels as a result of cell membrane stretching, leads to the increase in intracellular 

calcium.250,251 This prolonged exposure to high concentration of intracellular calcium triggers 

cell apoptosis.252-254 

In non-uniform magnetic fields, there is a translational force acting on the MNPs which 

is proportional to the magnetic field gradient. For FG, the MNPs experience a force by the one-

dimensional linear magnetic field gradient into the cells. The force exerted by the MNPs on the 

cell is sufficient for mechanical stimuli mediated cell apoptosis by the activation of 

mechanosensitive ion channels, but is insufficient to physically rupture the cell membrane, as 

shown in Figure 5.17 (b). In contrast, AFG oscillates the MNPs laterally to induce mechanical 

damage to the cell membrane, leading to necrosis, as shown in Figure 5.17 (c). 
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Figure 5.17 Schemes of the proposed cell death mechanisms for uniform and non-uniform 

magnetic fields. (a) Uniform magnetic field configuration utilizes the spatial rotation of MNPs 

to exert a force onto the cell, activating mechanosensitive ion channels, leading to cell 

apoptosis. (b) In magnetic field gradient (FG), MNPs experience a force by the one-

dimensional linear field gradient downwards into the cells, only sufficient for mechanical 

stimuli mediated cell apoptosis by the activation of mechanosensitive ion channels. (c) In 

alternating magnetic field gradient (AFG), the lateral oscillation of MNPs can mechanically 

rupture the cell membranes, triggering necrosis.  
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Chapter 6 – Conclusion & Future Works 

6.1 Conclusion 

Cylindrical NiFe MNPs were fabricated using the template-assisted pulsed 

electrodeposition technique combined with differential chemical etching. Micromagnetic 

simulations predicted some intriguing dynamics properties of the triple vortex state in MNPs, 

which were confirmed experimentally by AMR measurements. The magnetization reversal of 

the MNP occurs via the nucleation of an anticlockwise and a clockwise vortex at the ends of 

the MNP connected by a third vortex at the center of the MNP, and is followed by the abrupt 

splitting of the clockwise and anticlockwise vortices.  

High SAR values have been reported for the NiFe MNPs, with tunable size and 

composition, demonstrating high efficiency in heat generation for magnetic hyperthermia when 

exposed to an alternating magnetic field. Using time-dependent calorimetric measurements, 

the specific absorption rate and intrinsic loss power of the MNPs were determined and 

compared with the analytical calculations from micromagnetic simulations and vibrating 

sample magnetometer measurements. This comparison indicated a qualitative and quantitative 

agreement on the features of ferromagnetic MNPs, which displayed small SAR values at low 

magnetic fields and saturation at high magnetic fields that is correlated to the coercive field of 

the MNPs. A discrepancy on the amplitude of the SAR values between experiments and theory 

arose from the non-superparamagnetic nature of the MNPs and non-negligible remanent 

magnetization, which led to unwanted agglomeration due to strong magnetic dipole 

interactions between neighboring MNPs. 

Consequently, the ability to control the initiation of cell apoptosis or necrosis by 

magneto-actuation of MNPs was demonstrated. A larger magnetic torque can be actuated on 

the MNP with a biaxial pulsed magnetic field configuration, which led an increase in vitro 
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magneto-actuated cell apoptosis. This was attributed to the orthogonal directional fields that 

eliminate the reliance on rotational Brownian motion. Comparing MNPs with different aspect 

ratios, it was found that the high aspect ratio MNPs possessed the highest low field 

susceptibility and remanent magnetization, thus allowing a larger force to be exerted on the 

cells and translated into a 12% increase in cell death. In a uniform magnetic field or FG, the 

force exerted by MNPs on the cells is sufficient to induce cell apoptosis. By introducing an 

AFG, the force exerted from oscillations of the MNPs was sufficient to physically rupture the 

cell membrane, leading to necrosis. The LDH activity in the cell culture medium began to 

increase in parallel to the increase in necrotic cell populations measured by AO/EB dual 

staining. Hence, this remote magneto-actuation approach is a non-invasive and highly effective 

treatment method that can inhibit cancer cell proliferation by inducing apoptosis or necrosis. 

6.2 Future Works 

In recent years, nano-medicine and controlled drug delivery using MNPs have undergone 

extensive development and progress. The early works on nanoparticles as drug carriers in the 

1980s and early 1990s involved liposomes, polymeric micelles, drug–polymer conjugates, 

polyion complexes and degradable nanoparticles. By the 2000s, nano-medicine and controlled 

drug delivery have become the pinnacle of biomedical research that focuses on advanced MNPs 

therapeutics in the d = ~10–100 nm range, while receiving great marketing approval and 

entering clinical trials.65,266,267 Early efforts used high frequency magnetic fields as a remote 

actuation tool, and the focus was on using magnetic hyperthermia to release drugs from heat-

sensitive MNPs for cancer treatments. Recently, there has been a shift in focus to magneto-

mechanical actuation of MNPs observed in low frequency magnetic fields and in the absence 

of heat generation. Cho et al. showed that biofunctionalized MNPs can target specific cancer 

cells, and the magnetic fields can induce cell apoptosis in a remote and non-invasive manner, 

regardless of the depth of the cells in the body.268 
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Further demonstrating that the MNPs from this research can achieve magneto-actuation 

in vivo (using small animal model organism) can support the realization of remote magneto-

actuation in biological and clinical applications. This will involve developing a biocompatible 

surface coating that is biofunctionalized with biomolecules that can target specific cell surface 

receptors.269 By binding the MNPs to cell surfaces, it offers a potential mean to remotely 

manipulate and control cellular functions on targeted and specific cells. The external magnetic 

fields, outside the body, can penetrate deep into the body to exert a magnetic force or torque 

on the MNPs attached to cell surface receptors, as shown in Figure 6.1. Such magneto-actuation 

of cell surface receptors open the avenue for a diverse range of biomedical applications from 

tumor targeting to tissue engineering and regenerative medicine to differentiation of stem 

cells,270,271 and control of cellular calcium signaling.272  

An in vitro study on colon cancer cells has demonstrated cell apoptosis signaling via a 

magneto-actuation of surface receptors in a low magnetic field gradient.268 The 

biofunctionalized MNPs were attached with antibodies that targets cell surface receptors DR4, 

a death receptor that triggers apoptosis when the clustering of many receptors on the cell 

surface occurs. The magnetization of the MNPs was induced by the magnetic field and the 

inter-particle attraction causes the clustering of the DR4 receptors activating a biochemical 

response signaling the cell apoptosis pathway, inducing colon cancer cell death. This 

phenomenon was further demonstrated in vivo in zebrafish embryos injected with 

biofunctionalized MNPs coated with biomolecules targeting the apoptosis OTR receptor. This 

new direction offers exciting opportunities to the research areas of nano-medicine and 

controlled drug delivery. However, its future success heavily relies on a thorough and cross-

disciplinary understanding of the biological, chemical and physical phenomenon governing the 

behavior of biofunctionalized MNPs in various magnetic field configurations and cellular 

environment. 
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Figure 6.1: Illustration of magneto-actuation of cell surface receptors (yellow) in uniform 

magnetic field (i.e. zero gradient) and non-uniform magnetic field with a vertical magnetic 

field gradient. 
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